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Abstract Calcareous or dolomitic, often secondarily silic-
ified, laminated microbial structures known as stromato-
lites are important keys to reconstruct the chemical and
biotic evolution of the early ocean. Most authors assume
that cyanobacteria-associated microbialitic structures de-
scribed from Shark Bay, Western Australia, and Exuma
Sound, Bahamas, represent modern marine analogues for
Precambrian stromatolites. Although they resemble the Pre-
cambrian forms macroscopically, their microstructure and
mineralogical composition differ from those characterizing
their purported ancient counterparts. Most Precambrian
stromatolites are composed of presumably in situ precipi-
tated carbonates, while their assumed modern marine ana-
logues are predominantly products of accretion of grains
trapped and bound by microbial, predominantly cyanobac-
terial, benthic mats and biofilms and only occasionally by
their physicochemical activity. It has therefore been sug-
gested that the carbonate chemistry of early Precambrian
seawater differed significantly from modern seawater, and
that some present-day quasi-marine or non-marine environ-
ments supporting growth of calcareous microbialites reflect
the hydrochemical conditions controlling the calcification
potential of Precambrian microbes better than modemn
seawater. Here we report the discovery of a non-marine
environment sustaining growth of calcareous cyanobacterial
microbialites showing macroscopic and microscopic fea-
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tures resembling closely those described from many Pre-
cambrian stromatolites.

Introduction

It has been proposed that early oceans on Earth and Mars
had been sodium carbonate-dominated, highly alkaline
solutions (Grotzinger and Kasting 1993; Kempe and
Degens 1985; Kempe and Kazmierczak 1990, 1994,
1997). Recent studies indicate (Lowe and Tice 2004) that
on Earth, nahcolite (NaHCO;) was a primary evaporitic
mineral of the marine 3.5-3.2 Ga sedimentary record.
Galileo infrared spectra also suggest presence of sodium
carbonate salts on the ice of Europa (McCord et al. 1999),
indicating that its hypocryotic ocean may also be alkaline
(Kempe and Kazmierczak 2002). Our hypothesis of an
early alkaline ocean is based on research conducted in
modern alkaline environments. The characteristic features
of these environments are high concentrations of Na", K",
CO%_, PO;, SiO, and very low concentrations of Ca’" and
Mg”", high pH values and high carbonate mineral super-
saturations. According to our model, the ocean was
buffered throughout much of the Precambrian by high
carbonate concentrations balanced by alkaline metal ions,
allowing Ca®" concentrations to rise only slowly. The rise
in Ca®" concentration near the end of the Precambrian in
turn triggered, by way of biochemical Ca detoxification
reactions, important bio-evolutionary changes such as the
advent of biologically controlled (skeletogenic) calcifica-
tion processes (Kazmierczak et al. 1985; Kempe and
Kazmierczak 1994). New observations (Brennan et al.
2004; Petrychenko et al. 2005), based on analyses of major
ion compositions of primary fluid inclusions from terminal
Proterozoic and Early Cambrian marine halites, support
such a scenario.

Characteristic features of many Precambrian marine
sedimentary sequences are laminated macroscopic bodies
known as stromatolites (e.g. Walter 1983). They are
interpreted as products of benthic microbial mats com-



120

posed predominantly by cyanobacteria (e.g. (e.g. Riding
2000). It is assumed that these mats either bound carbonate
particles from the water column or precipitated carbonate
minerals physiochemically (for review see e.g. Fairchild
1991; Ginsburg 1991; Grotzinger and Knoll 1999; Maslov
1961). It has even been suggested that most of the oldest
(Archean) stromatolites could have originated from
abiogenic carbonate precipitation from seawater (Grotzinger
and Rothman 1996). Cyanobacteria are common in modern
seas, but they fail to calcify and to produce calcareous
structures. Modern marine stromatolites occurring in
shallow hypersaline embayments like Shark Bay, Western
Australia (e.g. Awramik and Riding 1988; Logan 1961;
Playford and Cockbain 1976; Reid et al. 2003), along
brackish coastline (e.g. Rasmussen et al. 1993) and marine
intertidal/shallow subtidal settings like Grand Exuma
Sound, Bahamas (Dill et al. 1986; Dravis 1983; Reid and
Browne 1991; Reid et al. 2000; Riding et al. 1991), have
often been discussed as potential analogues of Precambrian
marine stromatolites. Their internal structure and mineral
compositions show, however, principal differences from
those observed in Precambrian forms (for review see e.g.
Awramik and Riding 1988; Fairchild 1991; Ginsburg 1991;
Riding et al. 1991).

To support the concept of an early alkaline ocean, it
required showing that modern alkaline environments sus-
tain in fact in situ carbonate precipitating cyanobacterial
benthic communities producing stromatolite-like structures.
Therefore, we studied a quasi-marine alkaline crater lake on
Satonda Island, Indonesia (Kazmierczak et al. 2004; Kempe
and Kazmierczak 1993), and we investigated the largest
soda lake on Earth, Lake Van, Turkey (Kazmierczak et al.
2004; Kempe et al. 1991; Lopez-Garcia et al. 2005). In both
lakes, we have discovered in vivo calcifying cyanobacterial
biofilms or calcareous structures produced by in situ
calcifying cyanobacterial mats. These microbialites differ,
however, significantly in internal structure and dimensions
from Precambrian stromatolites. In an effort to find genuine
analogues for Precambrian stromatolites and to define the
conditions under which they form, we visited Niuafo‘ou, the
northernmost island of the Kingdom of Tonga—also known
as Tin-Can Island.

Materials and methods

The Niuafo‘ou stromatolites were investigated on macro-
scopic slabs and in petrographic thin sections under optical
microscope. Scanning electron microscopy (SEM) at 25 kV
was used for examining samples of air-dried mat surfaces
sputtered with a 10- to 15-nm thick layer of platinum or
carbon. SEM examinations and energy-dispersive spectros-
copy (EDS) analyses have been performed using a Philips
XL-20 scanning microscope equipped with EDS detector
ECON 6, system EDX-DX4i and backscatter electron
(BSE) detector for Compo or Topo detection (FEI product).
X-ray diffraction (XRD) analyses of capillary carbonate

micro-samples have been performed using a CGR-INEL
diffractometer equipped with cobalt lamp and focusing
goniometer with transmission optics for Debey—Scherrer
powder preparations. Sampling of water samples was con-
ducted by lowering a Niskin water bottle on a 6-mm rope by
hand. PCO, was determined preliminarily in the field with
an infrared electrode; pH and alkalinity were also deter-
mined in the field. Atomic absorption spectrometry (AAS)
for Ca and Mg was performed on water samples acidified
with HNOj3. Anions were determined by ion chromatogra-
phy. The calculation of saturation indices of main carbonate
minerals and of PCO, was done with the computer program
PHREEQE (Parkhurst et al. 1980).

Results

Niuafo‘ou (175°37°W/15°36’S) is a circular volcanic
island about 8 km in diameter, containing a 5-km wide
caldera with steep inner walls rising 70 to 205 m above sea
level (Fig. 1a). The caldera contains several lakes. The
famous volcanologist T.A. Jaggar already noted in 1935
unspecified calcareous shore deposits there (Jaggar 1935),
a hint we followed in organizing our expedition to the
island in 1998.

We ran echo-sounding GPS-referenced profiles across
Vai Lahi, the largest lake (13.6 km? 0.98 km®, 121 m
deep), and Vai Si‘i, the second largest lake (0.81 km?
0.012 km®, 31 m deep), to generate the first bathymetric
map of the lakes (Fig. 1). The composition of the lake
waters (Table 1) shows that the two lakes are of low salinity
(4.2-4.5 and 2.3-2.9 g/l, respectively) and differ in
composition. Concentrations of all main cations and anions
increase slightly with depth, and a chemocline separates a
mixed, oxygenated layer at 42.5 m in Vai Lahi and at about
20 m in Vai Si‘i from an anaerobic, H,S-containing bottom
layer.

Chemically, the most important observation is the high
alkalinity of the waters (15.7-18.6 and 6.3—10.9 meq/I in
Vai Lahi and Si‘i, respectively). These are far higher than in
modern seawater, making bicarbonate the second most
concentrated anion after chloride (approximately 54 and
35 meq/l in the two lakes, respectively) and before sulphate
(1.7 and 1.4 meq/1, respectively). Although the lakes are at
sea level, their water is not derived from diluted secawater.
This is best illustrated by comparing elemental ratios such
as Na/Mg (2, 2.6 and 4.2 for Vai Lahi, Vai Si‘i and sea-
water, respectively) or Na/Cl (approximately 0.8 for both
lakes vs 1.2 in seawater) between the lakes and seawater.
Rather, the lakes represent autonomous hydrochemical
systems, fed by rainwater and accumulating dissolved ions
by reacting with volcanic rocks through silicate weath-
ering. This weathering is powered largely by carbonic acid,
explaining the high alkalinities. The lakes have high CO,
pressure values at depth (PCO,, Table 1), which may in
part arise from volcanic gas seeps, such as those observed
at several sites along the southern lakeshore. In spite of
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Table 1 Chemical data of Niuafo‘ou lakes in 1998, compared to seawater

Sample Depth pH Alkalinity Ca Mg Slce Sara Slpl pCO, 513C
(m) (meq/1) (meq/1) (meq/1) (ppmv) (PDB)

Vai Lahi

W12 -10 8.35 15.7 0.71 21.04 0.65 0.50 2.94 3,180

w3 -25 8.39 16.6 0.68 20.74 0.69 0.54 3.04 3,090 0.11
w9 —40 8.27 15.7 0.70 21.04 0.57 0.47 2.80 3,900

Wil —42.5 8.13 16.6 0.78 20.85 0.52 0.37 2.63 5,810

W10 —45 7.67 163 1.06 21.08 0.21 0.06 1.87 17,100

w2 -50 7.73 18.8 1.12 21.10 0.34 0.20 2.12 17,100 -0.63
! -100 7.50 18.6 1.15 21.15 0.13  —0.02 1.68 29,200 -0.41
Vai Si‘i

W15 -10 8.69 6.3 1.17 9.43 0.89 0.75 2.87 480 -1.98
wi4 -30 7.25 10.9 2.32 11.99 0.04  —0.10 0.95 32,100 -2.67
Seawater 0 8.21 2.32 20.57 106.20 0.70 0.56 2.28 407

Saturation index (SI)=[-log (ion activity product/K,inera1)]
Cc calcite, Ara aragonite, Dol dolomite

being wind-mixed, the epilimnion of Vai Lahi has a ten
times higher PCO, than that of the atmosphere, suggesting
a strong internal CO, source.

Several volcanic eruptions occurred during the last
100 years on the island, the last one was in 1946 (Rogers
1986). We measured the DIC-6'>C value for some of the
samples (Table 1) that show rather high values, again
suggesting that the inorganic carbon does not derive from
respiration of organic carbon. For instance, in Satonda
crater lake, theses values range from —4.2 to —19.5,
illustrating that the bicarbonate there is produced from
organic carbon by way of sulphate reduction (Kempe and
Kazmierczak 1993), a process dubbed as “alkalinity pump”
(Kempe 1990; Kempe and Kazmierczak 1994). The high
alkalinities in Vai Lahi cause a high supersaturation with
regard to carbonate minerals; see Table 1 for saturation
indices (SI). They are highest in the epilimnion of Vai Si‘i.
Experience from other modern cyanobacterial microbia-
lites sites (Kempe and Kazmierczak 1990, 1994; Merz-
Preib and Riding 1999) shows that the SI of calcite or
aragonite must be greater than approximately 0.8 before
substantial precipitation of carbonates occurs. This is in
accordance with the observations in Niuafo‘ou where we
found vigorous calcification occurring in Vai Si‘i but weak
or absent mineralization in Vai Lahi.

Along the shores of both lakes, we discovered head-like
and crustose stromatolitic bodies either attached to lava
blocks and steep rocky walls or to weakly cemented pumice
sand. In Vai Lahi, large groups of head-like structures
(Fig. 1b) displaying characteristic surface patterns reminis-
cent of tightly convoluted brains (Fig. 1c) have been
encountered in three localities: in the shallow periphery of
the western lake shore (Fig. 1, location 1) and on the shores
of the islands of Motu A‘ali (Fig. 1, location 2) and Motu
Lahi (Fig. 1, location 3). Some of the stromatolites protrude
above the water table; some are subaerially exposed on the
shore, up to 1-2 m above the present lake level, suggesting
that they grew at higher lake level conditions. However,
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Fig. 2 SEM images of living filamentous (a) and coccoid (b)
cyanobacteria from surface of Niuafo‘ou stromatolites from Vai Lahi
(air-dried sample). ¢, d Optical vertical thin sections of silicified
filamentous (¢) and coccoid (d) cyanobacteria from fossilized parts
of Niuafo‘ou (Vai Lahi) stromatolites. e Stromatolite layers com-
posed of well-preserved silicified filamentous (black arrow) and
coccoid (white arrow) cyanobacteria, alternating with obliterated
cyanobacterial layers permineralized with aragonite (4ra)



most occur underwater and have been observed by free
diving to a depth of several meters. The largest is over a
meter in diameter, up to 80 cm tall, with a maximal thickness
of the laminated calcareous body of approximately 30 cm.
Closer examinations have revealed that the head-like
stromatolites from Vai Lahi standing above the present-
day water level are “dead” structures. Although their sur-
faces are often covered with a leathery layer of non-calcified
filamentous (rivulariacean and/or oscillatoriacean) cyano-
bacteria (Fig. 2a) at the splash zone, they are clearly not in

Fig. 3 a, b Vertical sections of
polished slab of Vai Lahi stro-
matolite photographed at var-
ious magnifications to show the
variety of its internal structure.
c—g Optical micrographs show-
ing selection of microstructures
identified in vertical thin sec-
tions of Niuafo‘ou stromatolites:
¢ microlaminated, d, e micro-
columnar (microstromatolitic),
f cystous (tussock-like), g arbo-
rescent (Frutexites-like). Arrow
in b indicates continuous tran-
sition from microlaminated to
cystous microstructure
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growth continuity with the previously formed calcareous
stromatolite body. Surfaces of head-like stromatolites lo-
cated permanently underwater are patchily covered by
weakly in vivo calcifying capsular coccoid cyanobacteria
(Fig. 2b). These and the filamentous forms are similar to
remnants of calcified coccoid and filamentous microbiota
preserved in places within the stromatolite bodies (Fig. 2¢,d)
and apparently participating in their origin (Fig. 2e). Nu-
merous diatoms and ostracods are associated with the
living cyanobacterial cover.
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We dated the bases of three stromatolites and found
uncalibrated '*C ages of around 15,000 aBP. We also dated
a piece of iron wood encased by cemented volcanic sand,
yielding an uncalibrated '*C age of 370+20 aBP. These
dates suggest that stromatolites grew vigorously until quite
recently in Vai Lahi. In Vai Si‘i, the Sl is greater than 0.8
and S, is close to 0.8 (compare Table 1). Observations
show that there are cyanobacterial mats that calcify inten-
sively at present.

In vertical sections, the Niuafo‘ou stromatolites show an
array of microstructures (micro-fabrics) closely resembling
those described from Precambrian stromatolites (Buick et
al. 1981; Fairchild 1991; Hofmann 1975; Knoll and
Semikhatov 1998; Knoll et al. 1989; Semikhatov et al.
1979; Walter 1983). They are internally more or less
distinctly laminated and composed of flat or undulating
coarse- and fine-crystalline (micritic) aragonite layers
varying in thickness (Fig. 3a,b). This differentiation
correlates both with morphological characteristics of
cyanobacterial taxa taking part in the formation of
particular sets of laminae (Fig. 2¢) and with the intensity
of in vivo or early post-mortem biocalcification of the
cyanobacterial biofilms. The biocalcification, in turn, is
most probably reflecting the state of the carbonate system
in the lake, particularly the level of calcium carbonate
supersaturation, as shown for other modern in situ
calcifying cyanobacterial microbialites (Kazmierczak et
al. 2004; Kempe and Kazmierczak1990). In vertical thin
sections, very fine laminated zones can be recognized
(Fig. 3c), alternating often with microcolumnar (pillared)
zones having microstromatolitic appearance (Fig. 3d)
known from Proterozoic stromatolites (Pl. 8, Figs. 2 and
3 in Hofmann 1969; Fig. 4 in Buick et al. 1981; Fig. 2 in
Hofmann and Jackson 1987; Figs. 4, 5 and 9 in Lanier
1988). In addition, tussock-like textures similar to those
described from Proterozoic stromatolites (Fig. 2a in
Bertrand-Sarfati 1976; Fig. 11a in Fairchild et al. 1990)
are visible in cross-sections of some Niuafo‘ou stromato-
lites (Fig. 3e,f). Of particular interest are iron- and
manganese-enriched calcareous micro-arborescent struc-
tures occurring in some subfossil stromatolites from Lake
Vai Si‘i (Fig. 3g). They are comparable to fossil structures
known as Frutexites (Fig. 10 in Horodyski 1975; Pl. 1,
Figs. 10 and 11 in Walter and Awramik 1979; Figs. 7 and 9
in Myrow and Coniglio 1991). Almost identical structures
occur in many Proterozoic and Palacozoic carbonate
microbialites, particularly in those growing near volcanic
hydrothermal vents and supposedly linked to bacterial
activity (see Walter and Awramik 1979 for review).
Similarly as in many Precambrian stromatolites, the
Niuafo‘ou calcareous microbialites are often early diag-
enetically silicified (Fig. 2e). As in some of their
Precambrian analogues (e.g. Hofmann 1975), the silicified
layers may enclose excellently preserved cyanobacteria
sheaths (Fig. 2¢,d).

Discussion

Our observations indicate that at present, the calcium car-
bonate supersaturation level in both of the studied Niuafo‘ou
caldera lakes is not high enough to induce cyanobacteria to
intensively precipitate and accrete calcium carbonate. This
proves true particularly for Vai Lahi where Sla., is less
than 0.8, and, therefore, the lake waters cannot sustain vig-
orous growth of the stromatolitic structures at present. We
therefore must conclude that the massive large heads and
crusts in Vai Lahi were formed not only at a higher lake level
but also during conditions when the supersaturation was
higher than at present.

Because textures and mineral composition of the Niuafo‘ou
stromatolites are so similar to those of many Precambrian
stromatolites, we conclude that the stromatolite-sustaining
Precambrian seas generating carbonate cyanobacterial micro-
bialites in their shallow arcas were, similar to the Niuafo‘ou
caldera lakes, alkaline carbonate systems (for other opinions
on the early ocean chemistry see e.g. Bjerrum and Canfield
2002; Canfield 1998; Habicht et al. 2002; Holland 1984;
Ohmoto 2004). Concerning the build-up of these conditions,
Vai Lahi and Vai Si‘i represent therefore an interesting natural
laboratory for modelling the chemistry of the Earth’s early
hydrosphere which, according to current hypotheses, must
have originated from the interaction of volcanic rocks,
water and early atmospheric and volcanic gases (mainly
CO,). Finally, astrobiological aspects of our discovery
cannot be overlooked. As shown by the current Spirit Rover
mission to Gusev Crater on Mars, water-filled impact
craters, similar to caldera lakes, may be the best sites to
search for traces of past extraterrestrial life (Cabrol et al.
2001; Kempe and Kazmierczak 1997), particularly if they
evolved alkaline conditions supporting growth of carbonate
microbial structures like the Niuafo‘ou lakes.

Acknowledgements We especially thank Mr. Semisi Halaholo, the
government representative on Niuafo‘ou, for organizing human and
logistic help during our stay on the island. We also thank Ralf Hinsch
for field assistance. “C dating of stromatolites and wood samples
and §'3C analyses of water samples were performed by J. van der
Plicht (Centrum voor Isotopen Onderzoek, Groningen). The labora-
tory assistance of C. Kulicki and M. Kuzniarski (Warsaw) is greatly
appreciated. Financial support was provided by the Deutsche
Forschungsgemeinschaft, Polish Academy of Sciences and the
Foundation for Polish Science.

References

Awramik SM, Riding R (1988) Role of algal eukaryotes in subtidal
columnar stromatolite formation. Proc Natl Acad Sci U S A
85:1327-1329

Bertrand-Sarfati J (1976) An attempt to classify late Precambrian
stromatolite microstructures. In: Walter MR (ed) Stromatolites.
Developments in sedimentology 20. Elsevier, Amsterdam, pp
251-258



Bjerrum CJ, Canfield DE (2002) Ocean productivity before about
1.9 Gyr ago limited by phosphorus adsorption onto iron oxides.
Nature 417:150-162

Brennan ST, Lowenstein TK, Horita J (2004) Seawater chemistry
and the advent of biocalcification. Geology32:473-476

Buick R, Dunlop JSR, Groves DI (1981) Stromatolite recognition in
ancient rocks: an appraisal of irregularly laminated structures in
an Early Archaean chert-barite unit from North Pole, Western
Australia. Alcheringa 5:161-181

Cabrol N, Wynn-Williams DD, Crawford DA, Grin EA (2001)
Recent aqueous environments in Martian impact craters: an
astrobiological perspective. Icarus 154:98-112

Canfield DE (1998) A new model for Proterozoic ocean chemistry.
Nature 396:450-453

Dill RF, Shinn EA, Jones AT, Kelly K, Steinen R (1986) Giant
subtidal stromatolites forming in normal salinity water. Nature
324:55-58

Dravis JJ (1983) Hardened subtidal stromatolites, Bahamas. Science
219:385-386

Fairchild 1J (1991) Origins of carbonate in Neoproterozoic
stromatolites and the identification of modern analogues.
Precambrian Res 53:281-299

Fairchild 1J, Marshall JD, Bertrand-Sarfati J (1990) Stratigraphic
shifts in carbon isotopes from Proterozoic stromatolitic
carbonates (Mauretania): influences of primary mineralogy
and diagenesis. Am J Sci 290-A:46-79

Ginsburg RN (1991) Controversies about stromatolites: vices and
virtues. In: Miller DW, McKenzie JA, Weissert H (eds)
Controversies in modern Geology. Academic Press, London, pp
25-36

Grotzinger JP, Kasting JF (1993) New constraints on Precambrian
ocean composition. J Geol 101:235-243

Grotzinger JP, Knoll AH (1999) Stromatolites in Precambrian
carbonates: evolutionary mileposts or environmental dipsticks?
Annu Rev Earth Planet Sci 27:313-358

Grotzinger JP, Rothman DH (1996) An abiotic model for
stromatolite morphogenesis. Nature 383, 423-425

Habicht KS, Gade M, Thamdrup B, Berg P, Canfield DE (2002)
Calibration of sulfate levels in the Archean ocean. Science
298:2372-2374

Hofmann HJ (1969) Stromatolites from the Proterozoic Animikie
and Sibley groups, Ontario. Geol Surv Can Pap 68-69:1-77

Hofmann HJ (1975) Stratiform Precambrian stromatolites, Belcher
Islands, Canada: relations between silicified microfossils and
microstructure. Am J Sci 275:1121-1132

Hofmann HJ, Jackson GD (1987) Proterozoic ministromatolites with
radial-fibrous fabric. Sedimentology 34:963-971

Holland HD (1984) The chemical evolution of the atmosphere and
the oceans. Princeton University Press, Princeton

Horodyski RJ (1975) Stromatolites of the Lower Missoula Group
(middle Proterozoic), Belt Supergroup, Glacier National Park,
Montana. Precambrian Res 2:215-254

Jaggar TA (1935) Living on a volcano—an unspoiled patch of
Polynesia is Niuafoo, nicknamed “Tin Can Island” by stamp
collectors. Natl Geogr 68:91-106

Kazmierczak J, Ittekott V, Degens ET (1985) Biocalcification
through time: environmental challenge and cellular response.
Paldontol Z 59:15-33

Kazmierczak J, Kempe S, Altermann W (2004) Microbial origin of
Precambrian carbonates: lessons from modern analogues. In:
Eriksson PG, Altermann W, Nelson DR, Mueller WU,
Catuneanu O (eds) The Precambrian Earth: tempos and events.
Elsevier, Amsterdam, pp 545-564

Kempe S (1990) Alkalinity: the link between anaerobic basins and
shallow water carbonates? Naturwissenschaften 77:426—427

Kempe S, Degens ET (1985) An early soda ocean? Chem Geol
53:95-108

125

Kempe S, Kazmierczak J (1990) Calcium carbonate supersaturation
and the formation of in situ calcified stromatolites. In: Ittekkot
VA, Kempe S, Michaelis W, Spitzy A (eds) Facets of modern
biogeochemistry. Springer, Berlin Heidelberg New York, pp
255-278

Kempe S, Kazmierczak J (1993) Satonda Crater Lake, Indonesia:
hydrogeochemistry and biocarbonates. Facies 28:1-32

Kempe S, Kazmierczak J (1994) The role of alkalinity in the
evolution of ocean chemistry organization of living systems
and biocalcification processes. In: Doumenge F (ed) Past and
present biomineralization processes—considerations about the
carbonate cycle. Bull Inst Oceanogr Monaco No Spec 13:61—
117

Kempe S, Kazmierczak J (1997) A terrestrial model for an alkaline
Martian hydrosphere. Planet Space Sci 45:1493-1499

Kempe S, Kazmierczak J (2002) Biogenesis and early life on Earth
and Europa: favored by an alkaline ocean? Astrobiology 2:123—
130

Kempe S, Kazmierczak J, Landmann G, Konuk T, Reimer A, Lipp
A (1991) Largest known microbialites discovered in Lake Van,
Turkey. Nature 349:605-608

Knoll AH, Semikhatov MA (1998) The genesis and time distribu-
tion of two distinctive Proterozoic stromatolite microstructures.
Palaios 13:408—422

Knoll AH, Swett K, Burkhardt E (1989) Paleoenvironmental
distribution of microfossils and stromatolites in the Upper
Proterozoic Backlundtoppen Formation, Spitsbergen. J Paleon-
tol 63:129-145

Lanier WP (1988) Structure and morphogenesis of microstromato-
lites from the Transvaal Supergroup, South Africa. J Sediment
Petrol 58:89-99

Logan BW (1961) Cryptozoon and associated stromatolites from the
Recent, Shark Bay, Western Australia. J Geol 69:517-533

Lopez-Garcia P, Kazmierczak J, Benzerara K, Kempe S, Guyot F,
Moreira D (2005) Bacterial diversity and carbonate precipita-
tion in the microbialites of the highly alkaline Lake Van,
Turkey. Extremophiles 9:263-274

Lowe DR, Tice MT (2004) Geologic evidence for Archean
atmospheric and climatic evolution: fluctuating levels of CO,,
CHy, and O, with an overriding tectonic control. Geology
32:493-496

Maslov VP (1961) Vodorosli i karbonatoosazhdenye (Algae and
carbonate deposition). Izv Akad Nauk SSSR Ser Geol 12:81—
86 (in Russian)

McCord TB, Hansen GB, Matson DL et al (1999) Hydrated salt
minerals on Europas surface from the Galileo near-infrared
mapping spectrometer (NIMS) investigation. J Geophys Res
104(E5):11827-11851

Merz-Preib M, Riding R (1999) Cyanobacterial tufa calcification in
two freshwater streams: ambient environment, chemical thresh-
olds and biological processes. Sediment Geol 126:103—124

Myrow PM, Coniglio M (1991) Origin and diagenesis of
cryptobiotic Frutexites in the Chapel Island Formation
(Vendian to Early Cambrian) of southeast Newfoundland,
Canada. Palaios 6:572-585

Ohmoto H (2004) The Archean atmosphere, hydrosphere and
biosphere. In: Eriksson PG, Altermann W, Nelson DR, Mueller
WU, Catuneanu O (eds) The Precambrian Earth: tempos and
events. Elsevier, Amsterdam, pp 361-403

Parkhurst DL, Thorstenson DC, Plummer LN (1980) PHREEQE—a
computer program for geochemical calculations. US Geol Surv
Water Resour Invest Rep 80-96:1-210

Petrychenko OY, Peryt TM, Chechel EI (2005) Early Cambrian
seawater chemistry from fluid inclusions in halite from Siberian
evaporates. Chem Geol 219:149-161

Playford PE, Cockbain AE (1976) Modern algal stromatolites at
Hamelin Pool, a hypersaline barred basin in Shark Bay, Western
Australia. In: Walter MR (ed) Stromatolites. Developments in
sedimentology 20. Elsevier, Amsterdam, pp 389411



126

Rasmussen KA, Macintyre IG, Prufert L (1993) Modern stromato-
lite reefs fringing a brackish coastline, Chetumal Bay, Belize.
Geology 21:199-202

Reid RP, Browne KM (1991) Intertidal stromatolites in a fringing
Holocene reef complex, Bahamas. Geology 19:15-18

Reid RP, Visscher PT, Decho AW, Stolz JF, Bebout BM, Dupraz C,
Macintyre IG, Paerl HW, Pinckney JL, Prufert-Bebout L,
Steppe TF, Des Marais DJ (2000) The role of microbes in
accretion, lamination and early lithification of modern marine
stromatolites. Nature 406:989-992

Reid RP, James NP, Macintyre IG, Dupraz CP, Burne RV (2003)
Shark Bay stromatolites: microfabrics and reinterpretation of
origins. Facies 49:299-324

Riding R (2000) Microbial carbonates: the geological record of
calcified bacterial-algal mats and biofilms. Sedimentology 47
(Suppl. 1):179-214

Riding R, Awramik SM, Winsborough BM, Griffin KM, Dill RF
(1991) Bahamian giant stromatolites: microbial composition of
surface mats. Geol Mag 128:227-234

Rogers G (ed) (1986) The fire has jumped. Eyewitness accounts of
the eruption and evacuation of Niuafo ou. Tonga Institute of
Pacific Studies, University of the South Pacific, Suva

Semikhatov MA, Gebelein CD, Cloud P, Awramik SM, Benmore
WC (1979) Stromatolite morphogenesis—progress and pro-
blems. Can J Earth Sci 16:992-1015

Walter MR (1983) Archean stromatolites: evidence of the Earth
earliest benthos. In: Schopf JW (ed) Earth s earliest biosphere.
Princeton University Press, Princeton

Walter MR, Awramik SA (1979) Frutexites from stromatolites of the
Gunflint Iron-Formation of Canada, and its biological affinities.
Precambrian Res 9:23-33



	Genuine modern analogues of Precambrian stromatolites from caldera lakes of Niuafoou Island, Tonga
	Abstract
	Introduction
	Materials and methods
	Results
	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AardvarkPSMT
    /AceBinghamSH
    /AddisonLibbySH
    /AGaramond-Italic
    /AGaramond-Regular
    /AkbarPlain
    /Albertus-Bold
    /AlbertusExtraBold-Regular
    /AlbertusMedium-Italic
    /AlbertusMedium-Regular
    /AlfonsoWhiteheadSH
    /Algerian
    /AllegroBT-Regular
    /AmarilloUSAF
    /AmazoneBT-Regular
    /AmeliaBT-Regular
    /AmerigoBT-BoldA
    /AmerTypewriterITCbyBT-Medium
    /AndaleMono
    /AndyMacarthurSH
    /Animals
    /AnneBoleynSH
    /Annifont
    /AntiqueOlive-Bold
    /AntiqueOliveCompact-Regular
    /AntiqueOlive-Italic
    /AntiqueOlive-Regular
    /AntonioMountbattenSH
    /ArabiaPSMT
    /AradLevelVI
    /ArchitecturePlain
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialMTBlack-Regular
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeLight
    /ArialUnicodeLight-Bold
    /ArialUnicodeLight-BoldItalic
    /ArialUnicodeLight-Italic
    /ArrowsAPlentySH
    /ArrusBT-Bold
    /ArrusBT-BoldItalic
    /ArrusBT-Italic
    /ArrusBT-Roman
    /Asiana
    /AssadSadatSH
    /AvalonPSMT
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /AvantGardeITCbyBT-Demi
    /AvantGardeITCbyBT-DemiOblique
    /AvantGardeITCbyBT-Medium
    /AvantGardeITCbyBT-MediumOblique
    /BankGothicBT-Light
    /BankGothicBT-Medium
    /Baskerville-Bold
    /Baskerville-Normal
    /Baskerville-Normal-Italic
    /BaskOldFace
    /Bauhaus93
    /Bavand
    /BazookaRegular
    /BeauTerrySH
    /BECROSS
    /BedrockPlain
    /BeeskneesITC
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BenguiatITCbyBT-Bold
    /BenguiatITCbyBT-BoldItalic
    /BenguiatITCbyBT-Book
    /BenguiatITCbyBT-BookItalic
    /BennieGoetheSH
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardBoldCondensedBT-Regular
    /BernhardFashionBT-Regular
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BernhardModernBT-Italic
    /BernhardModernBT-Roman
    /Bethel
    /BibiGodivaSH
    /BibiNehruSH
    /BKenwood-Regular
    /BlackadderITC-Regular
    /BlondieBurtonSH
    /BodoniBlack-Regular
    /Bodoni-Bold
    /Bodoni-BoldItalic
    /BodoniBT-Bold
    /BodoniBT-BoldItalic
    /BodoniBT-Italic
    /BodoniBT-Roman
    /Bodoni-Italic
    /BodoniMTPosterCompressed
    /Bodoni-Regular
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolFive
    /BookshelfSymbolFour
    /BookshelfSymbolOne-Regular
    /BookshelfSymbolThree-Regular
    /BookshelfSymbolTwo-Regular
    /BookwomanDemiItalicSH
    /BookwomanDemiSH
    /BookwomanExptLightSH
    /BookwomanLightItalicSH
    /BookwomanLightSH
    /BookwomanMonoLightSH
    /BookwomanSwashDemiSH
    /BookwomanSwashLightSH
    /BoulderRegular
    /BradleyHandITC
    /Braggadocio
    /BrailleSH
    /BRectangular
    /BremenBT-Bold
    /BritannicBold
    /Broadview
    /Broadway
    /BroadwayBT-Regular
    /BRubber
    /Brush445BT-Regular
    /BrushScriptMT
    /BSorbonna
    /BStranger
    /BTriumph
    /BuckyMerlinSH
    /BusoramaITCbyBT-Medium
    /Caesar
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-Italic
    /CalligrapherRegular
    /CameronStendahlSH
    /Candy
    /CandyCaneUnregistered
    /CankerSore
    /CarlTellerSH
    /CarrieCattSH
    /CaslonOpenfaceBT-Regular
    /CassTaylorSH
    /CDOT
    /Centaur
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturyOldStyle-BoldItalic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Cezanne
    /CGOmega-Bold
    /CGOmega-BoldItalic
    /CGOmega-Italic
    /CGOmega-Regular
    /CGTimes-Bold
    /CGTimes-BoldItalic
    /CGTimes-Italic
    /CGTimes-Regular
    /Charting
    /ChartreuseParsonsSH
    /ChaseCallasSH
    /ChasThirdSH
    /ChaucerRegular
    /CheltenhamITCbyBT-Bold
    /CheltenhamITCbyBT-BoldItalic
    /CheltenhamITCbyBT-Book
    /CheltenhamITCbyBT-BookItalic
    /ChildBonaparteSH
    /Chiller-Regular
    /ChuckWarrenChiselSH
    /ChuckWarrenDesignSH
    /CityBlueprint
    /Clarendon-Bold
    /Clarendon-Book
    /ClarendonCondensedBold
    /ClarendonCondensed-Bold
    /ClarendonExtended-Bold
    /ClassicalGaramondBT-Bold
    /ClassicalGaramondBT-BoldItalic
    /ClassicalGaramondBT-Italic
    /ClassicalGaramondBT-Roman
    /ClaudeCaesarSH
    /CLI
    /Clocks
    /ClosetoMe
    /CluKennedySH
    /CMBX10
    /CMBX5
    /CMBX7
    /CMEX10
    /CMMI10
    /CMMI5
    /CMMI7
    /CMMIB10
    /CMR10
    /CMR5
    /CMR7
    /CMSL10
    /CMSY10
    /CMSY5
    /CMSY7
    /CMTI10
    /CMTT10
    /CoffeeCamusInitialsSH
    /ColetteColeridgeSH
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CommercialPiBT-Regular
    /CommercialScriptBT-Regular
    /Complex
    /CooperBlack
    /CooperBT-BlackHeadline
    /CooperBT-BlackItalic
    /CooperBT-Bold
    /CooperBT-BoldItalic
    /CooperBT-Medium
    /CooperBT-MediumItalic
    /CooperPlanck2LightSH
    /CooperPlanck4SH
    /CooperPlanck6BoldSH
    /CopperplateGothicBT-Bold
    /CopperplateGothicBT-Roman
    /CopperplateGothicBT-RomanCond
    /CopticLS
    /Cornerstone
    /Coronet
    /CoronetItalic
    /Cotillion
    /CountryBlueprint
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CSSubscript
    /CSSubscriptBold
    /CSSubscriptItalic
    /CSSuperscript
    /CSSuperscriptBold
    /Cuckoo
    /CurlzMT
    /CybilListzSH
    /CzarBold
    /CzarBoldItalic
    /CzarItalic
    /CzarNormal
    /DauphinPlain
    /DawnCastleBold
    /DawnCastlePlain
    /Dekker
    /DellaRobbiaBT-Bold
    /DellaRobbiaBT-Roman
    /Denmark
    /Desdemona
    /Diploma
    /DizzyDomingoSH
    /DizzyFeiningerSH
    /DocTermanBoldSH
    /DodgenburnA
    /DodoCasalsSH
    /DodoDiogenesSH
    /DomCasualBT-Regular
    /Durian-Republik
    /Dutch801BT-Bold
    /Dutch801BT-BoldItalic
    /Dutch801BT-ExtraBold
    /Dutch801BT-Italic
    /Dutch801BT-Roman
    /EBT's-cmbx10
    /EBT's-cmex10
    /EBT's-cmmi10
    /EBT's-cmmi5
    /EBT's-cmmi7
    /EBT's-cmr10
    /EBT's-cmr5
    /EBT's-cmr7
    /EBT's-cmsy10
    /EBT's-cmsy5
    /EBT's-cmsy7
    /EdithDaySH
    /Elephant-Italic
    /Elephant-Regular
    /EmGravesSH
    /EngelEinsteinSH
    /English111VivaceBT-Regular
    /English157BT-Regular
    /EngraversGothicBT-Regular
    /EngraversOldEnglishBT-Bold
    /EngraversOldEnglishBT-Regular
    /EngraversRomanBT-Bold
    /EngraversRomanBT-Regular
    /EnviroD
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /ErasITC-Ultra
    /ErnestBlochSH
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EuroRoman
    /EuroRomanOblique
    /ExxPresleySH
    /FencesPlain
    /Fences-Regular
    /FifthAvenue
    /FigurineCrrCB
    /FigurineCrrCBBold
    /FigurineCrrCBBoldItalic
    /FigurineCrrCBItalic
    /FigurineTmsCB
    /FigurineTmsCBBold
    /FigurineTmsCBBoldItalic
    /FigurineTmsCBItalic
    /FillmoreRegular
    /Fitzgerald
    /Flareserif821BT-Roman
    /FleurFordSH
    /Fontdinerdotcom
    /FontdinerdotcomSparkly
    /FootlightMTLight
    /ForefrontBookObliqueSH
    /ForefrontBookSH
    /ForefrontDemiObliqueSH
    /ForefrontDemiSH
    /Fortress
    /FractionsAPlentySH
    /FrakturPlain
    /Franciscan
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /FranklinUnic
    /FredFlahertySH
    /Freehand575BT-RegularB
    /Freehand591BT-RegularA
    /FreestyleScript-Regular
    /Frutiger-Roman
    /FTPMultinational
    /FTPMultinational-Bold
    /FujiyamaPSMT
    /FuturaBlackBT-Regular
    /FuturaBT-Bold
    /FuturaBT-BoldCondensed
    /FuturaBT-BoldItalic
    /FuturaBT-Book
    /FuturaBT-BookItalic
    /FuturaBT-ExtraBlack
    /FuturaBT-ExtraBlackCondensed
    /FuturaBT-ExtraBlackCondItalic
    /FuturaBT-ExtraBlackItalic
    /FuturaBT-Light
    /FuturaBT-LightItalic
    /FuturaBT-Medium
    /FuturaBT-MediumCondensed
    /FuturaBT-MediumItalic
    /GabbyGauguinSH
    /GalliardITCbyBT-Bold
    /GalliardITCbyBT-BoldItalic
    /GalliardITCbyBT-Italic
    /GalliardITCbyBT-Roman
    /Garamond
    /Garamond-Antiqua
    /Garamond-Bold
    /Garamond-Halbfett
    /Garamond-Italic
    /Garamond-Kursiv
    /Garamond-KursivHalbfett
    /Garcia
    /GarryMondrian3LightItalicSH
    /GarryMondrian3LightSH
    /GarryMondrian4BookItalicSH
    /GarryMondrian4BookSH
    /GarryMondrian5SBldItalicSH
    /GarryMondrian5SBldSH
    /GarryMondrian6BoldItalicSH
    /GarryMondrian6BoldSH
    /GarryMondrian7ExtraBoldSH
    /GarryMondrian8UltraSH
    /GarryMondrianCond3LightSH
    /GarryMondrianCond4BookSH
    /GarryMondrianCond5SBldSH
    /GarryMondrianCond6BoldSH
    /GarryMondrianCond7ExtraBoldSH
    /GarryMondrianCond8UltraSH
    /GarryMondrianExpt3LightSH
    /GarryMondrianExpt4BookSH
    /GarryMondrianExpt5SBldSH
    /GarryMondrianExpt6BoldSH
    /GarryMondrianSwashSH
    /Gaslight
    /GatineauPSMT
    /GDT
    /Geometric231BT-BoldC
    /Geometric231BT-LightC
    /Geometric231BT-RomanC
    /GeometricSlab703BT-Bold
    /GeometricSlab703BT-BoldCond
    /GeometricSlab703BT-BoldItalic
    /GeometricSlab703BT-Light
    /GeometricSlab703BT-LightItalic
    /GeometricSlab703BT-Medium
    /GeometricSlab703BT-MediumCond
    /GeometricSlab703BT-MediumItalic
    /GeometricSlab703BT-XtraBold
    /GeorgeMelvilleSH
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Gigi-Regular
    /GillSansBC
    /GillSans-Bold
    /GillSans-BoldItalic
    /GillSansCondensed-Bold
    /GillSansCondensed-Regular
    /GillSansExtraBold-Regular
    /GillSans-Italic
    /GillSansLight-Italic
    /GillSansLight-Regular
    /GillSans-Regular
    /GoldMinePlain
    /Gonzo
    /GothicE
    /GothicG
    /GothicI
    /GoudyHandtooledBT-Regular
    /GoudyOldStyle-Bold
    /GoudyOldStyle-BoldItalic
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleExtrabold-Regular
    /GoudyOldStyle-Italic
    /GoudyOldStyle-Regular
    /GoudySansITCbyBT-Bold
    /GoudySansITCbyBT-BoldItalic
    /GoudySansITCbyBT-Medium
    /GoudySansITCbyBT-MediumItalic
    /GraceAdonisSH
    /Graeca
    /Graeca-Bold
    /Graeca-BoldItalic
    /Graeca-Italic
    /Graphos-Bold
    /Graphos-BoldItalic
    /Graphos-Italic
    /Graphos-Regular
    /GreekC
    /GreekS
    /GreekSans
    /GreekSans-Bold
    /GreekSans-BoldOblique
    /GreekSans-Oblique
    /Griffin
    /GrungeUpdate
    /Haettenschweiler
    /HankKhrushchevSH
    /HarlowSolid
    /HarpoonPlain
    /Harrington
    /HeatherRegular
    /Hebraica
    /HeleneHissBlackSH
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HenryPatrickSH
    /Herald
    /HighTowerText-Italic
    /HighTowerText-Reg
    /HogBold-HMK
    /HogBook-HMK
    /HomePlanning
    /HomePlanning2
    /HomewardBoundPSMT
    /Humanist521BT-Bold
    /Humanist521BT-BoldCondensed
    /Humanist521BT-BoldItalic
    /Humanist521BT-Italic
    /Humanist521BT-Light
    /Humanist521BT-LightItalic
    /Humanist521BT-Roman
    /Humanist521BT-RomanCondensed
    /IBMPCDOS
    /IceAgeD
    /Impact
    /Incised901BT-Bold
    /Incised901BT-Light
    /Incised901BT-Roman
    /Industrial736BT-Italic
    /Informal011BT-Roman
    /InformalRoman-Regular
    /Intrepid
    /IntrepidBold
    /IntrepidOblique
    /Invitation
    /IPAExtras
    /IPAExtras-Bold
    /IPAHighLow
    /IPAHighLow-Bold
    /IPAKiel
    /IPAKiel-Bold
    /IPAKielSeven
    /IPAKielSeven-Bold
    /IPAsans
    /ISOCP
    /ISOCP2
    /ISOCP3
    /ISOCT
    /ISOCT2
    /ISOCT3
    /Italic
    /ItalicC
    /ItalicT
    /JesterRegular
    /Jokerman-Regular
    /JotMedium-HMK
    /JuiceITC-Regular
    /JupiterPSMT
    /KabelITCbyBT-Book
    /KabelITCbyBT-Ultra
    /KarlaJohnson5CursiveSH
    /KarlaJohnson5RegularSH
    /KarlaJohnson6BoldCursiveSH
    /KarlaJohnson6BoldSH
    /KarlaJohnson7ExtraBoldCursiveSH
    /KarlaJohnson7ExtraBoldSH
    /KarlKhayyamSH
    /Karnack
    /Kashmir
    /KaufmannBT-Bold
    /KaufmannBT-Regular
    /KeplerStd-Black
    /KeplerStd-BlackIt
    /KeplerStd-Bold
    /KeplerStd-BoldIt
    /KeplerStd-Italic
    /KeplerStd-Light
    /KeplerStd-LightIt
    /KeplerStd-Medium
    /KeplerStd-MediumIt
    /KeplerStd-Regular
    /KeplerStd-Semibold
    /KeplerStd-SemiboldIt
    /KeystrokeNormal
    /Kidnap
    /KidsPlain
    /Kindergarten
    /KinoMT
    /KissMeKissMeKissMe
    /KoalaPSMT
    /KorinnaITCbyBT-Bold
    /KorinnaITCbyBT-KursivBold
    /KorinnaITCbyBT-KursivRegular
    /KorinnaITCbyBT-Regular
    /KristenITC-Regular
    /Kristin
    /KunstlerScript
    /KyotoSong
    /LainieDaySH
    /LandscapePlanning
    /Lapidary333BT-Bold
    /Lapidary333BT-BoldItalic
    /Lapidary333BT-Italic
    /Lapidary333BT-Roman
    /LatinoPal3LightItalicSH
    /LatinoPal3LightSH
    /LatinoPal4ItalicSH
    /LatinoPal4RomanSH
    /LatinoPal5DemiItalicSH
    /LatinoPal5DemiSH
    /LatinoPal6BoldItalicSH
    /LatinoPal6BoldSH
    /LatinoPal7ExtraBoldSH
    /LatinoPal8BlackSH
    /LatinoPalCond4RomanSH
    /LatinoPalCond5DemiSH
    /LatinoPalCond6BoldSH
    /LatinoPalExptRomanSH
    /LatinoPalSwashSH
    /LatinWidD
    /LatinWide
    /LeeToscanini3LightSH
    /LeeToscanini5RegularSH
    /LeeToscanini7BoldSH
    /LeeToscanini9BlackSH
    /LeeToscaniniInlineSH
    /LetterGothic12PitchBT-Bold
    /LetterGothic12PitchBT-BoldItal
    /LetterGothic12PitchBT-Italic
    /LetterGothic12PitchBT-Roman
    /LetterGothic-Bold
    /LetterGothic-BoldItalic
    /LetterGothic-Italic
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LetterGothic-Regular
    /LibrarianRegular
    /LinusPSMT
    /Lithograph-Bold
    /LithographLight
    /LongIsland
    /LubalinGraphMdITCTT
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /LydianCursiveBT-Regular
    /Magneto-Bold
    /Map-Symbols
    /MarcusHobbesSH
    /Mariah
    /Marigold
    /MaritaMedium-HMK
    /MaritaScript-HMK
    /Market
    /MartinMaxxieSH
    /MathTypeMed
    /MatisseITC-Regular
    /MaturaMTScriptCapitals
    /MaudeMeadSH
    /MemorandumPSMT
    /Metro
    /Metrostyle-Bold
    /MetrostyleExtended-Bold
    /MetrostyleExtended-Regular
    /Metrostyle-Regular
    /MicrogrammaD-BoldExte
    /MicrosoftSansSerif
    /MikePicassoSH
    /MiniPicsLilEdibles
    /MiniPicsLilFolks
    /MiniPicsLilStuff
    /MischstabPopanz
    /MisterEarlBT-Regular
    /Mistral
    /ModerneDemi
    /ModerneDemiOblique
    /ModerneOblique
    /ModerneRegular
    /Modern-Regular
    /MonaLisaRecutITC-Normal
    /Monospace821BT-Bold
    /Monospace821BT-BoldItalic
    /Monospace821BT-Italic
    /Monospace821BT-Roman
    /Monotxt
    /MonotypeCorsiva
    /MonotypeSorts
    /MorrisonMedium
    /MorseCode
    /MotorPSMT
    /MSAM10
    /MSLineDrawPSMT
    /MS-Mincho
    /MSOutlook
    /MSReference1
    /MSReference2
    /MTEX
    /MTEXB
    /MTEXH
    /MT-Extra
    /MTGU
    /MTGUB
    /MTLS
    /MTLSB
    /MTMI
    /MTMIB
    /MTMIH
    /MTMS
    /MTMSB
    /MTMUB
    /MTMUH
    /MTSY
    /MTSYB
    /MTSYH
    /MT-Symbol
    /MTSYN
    /Music
    /MysticalPSMT
    /NagHammadiLS
    /NealCurieRuledSH
    /NealCurieSH
    /NebraskaPSMT
    /Neuropol-Medium
    /NevisonCasD
    /NewMilleniumSchlbkBoldItalicSH
    /NewMilleniumSchlbkBoldSH
    /NewMilleniumSchlbkExptSH
    /NewMilleniumSchlbkItalicSH
    /NewMilleniumSchlbkRomanSH
    /News702BT-Bold
    /News702BT-Italic
    /News702BT-Roman
    /Newton
    /NewZuricaBold
    /NewZuricaItalic
    /NewZuricaRegular
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NigelSadeSH
    /Nirvana
    /NuptialBT-Regular
    /OCRAbyBT-Regular
    /OfficePlanning
    /OldCentury
    /OldEnglishTextMT
    /Onyx
    /OnyxBT-Regular
    /OpenSymbol
    /OttawaPSMT
    /OttoMasonSH
    /OzHandicraftBT-Roman
    /OzzieBlack-Italic
    /OzzieBlack-Regular
    /PalatiaBold
    /PalatiaItalic
    /PalatiaRegular
    /PalmSpringsPSMT
    /Pamela
    /PanRoman
    /ParadisePSMT
    /ParagonPSMT
    /ParamountBold
    /ParamountItalic
    /ParamountRegular
    /Parchment-Regular
    /ParisianBT-Regular
    /ParkAvenueBT-Regular
    /Patrick
    /Patriot
    /PaulPutnamSH
    /PcEncodingLowerSH
    /PcEncodingSH
    /Pegasus
    /PenguinLightPSMT
    /PennSilvaSH
    /Percival
    /PerfectRegular
    /Pfn2BlackItalic
    /Phantom
    /PhilSimmonsSH
    /Pickwick
    /PipelinePlain
    /Playbill
    /PoorRichard-Regular
    /Poster
    /PosterBodoniBT-Italic
    /PosterBodoniBT-Roman
    /Pristina-Regular
    /Proxy1
    /Proxy2
    /Proxy3
    /Proxy4
    /Proxy5
    /Proxy6
    /Proxy7
    /Proxy8
    /Proxy9
    /Prx1
    /Prx2
    /Prx3
    /Prx4
    /Prx5
    /Prx6
    /Prx7
    /Prx8
    /Prx9
    /Pythagoras
    /Ranegund
    /Ravie
    /Ribbon131BT-Bold
    /RMTMI
    /RMTMIB
    /RMTMIH
    /RMTMUB
    /RMTMUH
    /RobWebsterExtraBoldSH
    /Rockwell
    /Rockwell-Bold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /RomanC
    /RomanD
    /RomanS
    /RomanT
    /Romantic
    /RomanticBold
    /RomanticItalic
    /Sahara
    /SalTintorettoSH
    /SamBarberInitialsSH
    /SamPlimsollSH
    /SansSerif
    /SansSerifBold
    /SansSerifBoldOblique
    /SansSerifOblique
    /Sceptre
    /ScribbleRegular
    /ScriptC
    /ScriptHebrew
    /ScriptS
    /Semaphore
    /SerifaBT-Black
    /SerifaBT-Bold
    /SerifaBT-Italic
    /SerifaBT-Roman
    /SerifaBT-Thin
    /Sfn2Bold
    /Sfn3Italic
    /ShelleyAllegroBT-Regular
    /ShelleyVolanteBT-Regular
    /ShellyMarisSH
    /SherwoodRegular
    /ShlomoAleichemSH
    /ShotgunBT-Regular
    /ShowcardGothic-Reg
    /SignatureRegular
    /Signboard
    /SignetRoundhandATT-Italic
    /SignetRoundhand-Italic
    /SignLanguage
    /Signs
    /Simplex
    /SissyRomeoSH
    /SlimStravinskySH
    /SnapITC-Regular
    /SnellBT-Bold
    /Socket
    /Sonate
    /SouvenirITCbyBT-Demi
    /SouvenirITCbyBT-DemiItalic
    /SouvenirITCbyBT-Light
    /SouvenirITCbyBT-LightItalic
    /SpruceByingtonSH
    /SPSFont1Medium
    /SPSFont2Medium
    /SPSFont3Medium
    /SPSFont4Medium
    /SpsFont4Medium
    /SPSFont5Normal
    /SPSScript
    /SRegular
    /Staccato222BT-Regular
    /StageCoachRegular
    /StandoutRegular
    /StarTrekNextBT-ExtraBold
    /StarTrekNextPiBT-Regular
    /SteamerRegular
    /Stencil
    /StencilBT-Regular
    /Stewardson
    /Stonehenge
    /StopD
    /Storybook
    /Strict
    /Strider-Regular
    /StuyvesantBT-Regular
    /StylusBT
    /StylusRegular
    /SubwayRegular
    /SueVermeer4LightItalicSH
    /SueVermeer4LightSH
    /SueVermeer5MedItalicSH
    /SueVermeer5MediumSH
    /SueVermeer6DemiItalicSH
    /SueVermeer6DemiSH
    /SueVermeer7BoldItalicSH
    /SueVermeer7BoldSH
    /SunYatsenSH
    /SuperFrench
    /SuzanneQuillSH
    /Swiss721-BlackObliqueSWA
    /Swiss721-BlackSWA
    /Swiss721BT-Black
    /Swiss721BT-BlackCondensed
    /Swiss721BT-BlackCondensedItalic
    /Swiss721BT-BlackExtended
    /Swiss721BT-BlackItalic
    /Swiss721BT-BlackOutline
    /Swiss721BT-Bold
    /Swiss721BT-BoldCondensed
    /Swiss721BT-BoldCondensedItalic
    /Swiss721BT-BoldCondensedOutline
    /Swiss721BT-BoldExtended
    /Swiss721BT-BoldItalic
    /Swiss721BT-BoldOutline
    /Swiss721BT-Italic
    /Swiss721BT-ItalicCondensed
    /Swiss721BT-Light
    /Swiss721BT-LightCondensed
    /Swiss721BT-LightCondensedItalic
    /Swiss721BT-LightExtended
    /Swiss721BT-LightItalic
    /Swiss721BT-Roman
    /Swiss721BT-RomanCondensed
    /Swiss721BT-RomanExtended
    /Swiss721BT-Thin
    /Swiss721-LightObliqueSWA
    /Swiss721-LightSWA
    /Swiss911BT-ExtraCompressed
    /Swiss921BT-RegularA
    /Syastro
    /Symap
    /Symath
    /SymbolGreek
    /SymbolGreek-Bold
    /SymbolGreek-BoldItalic
    /SymbolGreek-Italic
    /SymbolGreekP
    /SymbolGreekP-Bold
    /SymbolGreekP-BoldItalic
    /SymbolGreekP-Italic
    /SymbolGreekPMono
    /SymbolMT
    /SymbolProportionalBT-Regular
    /SymbolsAPlentySH
    /Symeteo
    /Symusic
    /Tahoma
    /Tahoma-Bold
    /TahomaItalic
    /TamFlanahanSH
    /Technic
    /TechnicalItalic
    /TechnicalPlain
    /TechnicBold
    /TechnicLite
    /Tekton-Bold
    /Teletype
    /TempsExptBoldSH
    /TempsExptItalicSH
    /TempsExptRomanSH
    /TempsSwashSH
    /TempusSansITC
    /TessHoustonSH
    /TexCatlinObliqueSH
    /TexCatlinSH
    /Thrust
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldOblique
    /Times-ExtraBold
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Oblique
    /Times-Roman
    /Times-Semibold
    /Times-SemiboldItalic
    /TimesUnic-Bold
    /TimesUnic-BoldItalic
    /TimesUnic-Italic
    /TimesUnic-Regular
    /TonyWhiteSH
    /TransCyrillic
    /TransCyrillic-Bold
    /TransCyrillic-BoldItalic
    /TransCyrillic-Italic
    /Transistor
    /Transitional521BT-BoldA
    /Transitional521BT-CursiveA
    /Transitional521BT-RomanA
    /TranslitLS
    /TranslitLS-Bold
    /TranslitLS-BoldItalic
    /TranslitLS-Italic
    /TransRoman
    /TransRoman-Bold
    /TransRoman-BoldItalic
    /TransRoman-Italic
    /TransSlavic
    /TransSlavic-Bold
    /TransSlavic-BoldItalic
    /TransSlavic-Italic
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /TribuneBold
    /TribuneItalic
    /TribuneRegular
    /Tristan
    /TrotsLight-HMK
    /TrotsMedium-HMK
    /TubularRegular
    /Txt
    /TypoUprightBT-Regular
    /UmbraBT-Regular
    /UmbrellaPSMT
    /UncialLS
    /Unicorn
    /UnicornPSMT
    /Univers
    /UniversalMath1BT-Regular
    /Univers-Bold
    /Univers-BoldItalic
    /UniversCondensed
    /UniversCondensed-Bold
    /UniversCondensed-BoldItalic
    /UniversCondensed-Italic
    /UniversCondensed-Medium
    /UniversCondensed-MediumItalic
    /Univers-CondensedOblique
    /UniversExtended-Bold
    /UniversExtended-BoldItalic
    /UniversExtended-Medium
    /UniversExtended-MediumItalic
    /Univers-Italic
    /UniversityRomanBT-Regular
    /UniversLightCondensed-Italic
    /UniversLightCondensed-Regular
    /Univers-Medium
    /Univers-MediumItalic
    /URWWoodTypD
    /USABlackPSMT
    /USALightPSMT
    /Vagabond
    /Venetian301BT-Demi
    /Venetian301BT-DemiItalic
    /Venetian301BT-Italic
    /Venetian301BT-Roman
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /VinetaBT-Regular
    /Vivaldii
    /VladimirScript
    /VoguePSMT
    /WaldoIconsNormalA
    /WaltHarringtonSH
    /Webdings
    /Weiland
    /WesHollidaySH
    /Wingdings-Regular
    /WP-HebrewDavid
    /XavierPlatoSH
    /YuriKaySH
    /ZapfChanceryITCbyBT-Bold
    /ZapfChanceryITCbyBT-Medium
    /ZapfDingbatsITCbyBT-Regular
    /ZapfElliptical711BT-Bold
    /ZapfElliptical711BT-BoldItalic
    /ZapfElliptical711BT-Italic
    /ZapfElliptical711BT-Roman
    /ZapfHumanist601BT-Bold
    /ZapfHumanist601BT-BoldItalic
    /ZapfHumanist601BT-Italic
    /ZapfHumanist601BT-Roman
    /ZappedChancellorMedItalicSH
    /ZurichBT-BlackExtended
    /ZurichBT-Bold
    /ZurichBT-BoldCondensed
    /ZurichBT-BoldCondensedItalic
    /ZurichBT-BoldItalic
    /ZurichBT-ExtraCondensed
    /ZurichBT-Italic
    /ZurichBT-ItalicCondensed
    /ZurichBT-Light
    /ZurichBT-LightCondensed
    /ZurichBT-Roman
    /ZurichBT-RomanCondensed
    /ZurichBT-RomanExtended
    /ZurichBT-UltraBlackExtended
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


