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INTRODUCTION

Our paper (Arp et al. 2003) revises previous studies of Kaźmierczak and
Kempe (1990, 1992), Kempe and Kaźmierczak (1990a, 1990b, 1993), and
Kempe et al. (1996, 1997) on Lake Satonda reefs with regard to biofilm
calcification and microbialite formation. We confirm that the transfer of
bottom waters of increased alkalinity (due to sulfate reduction) to shallow
water layers (mixolimnion) principally can support or cause biofilm cal-
cification and microbialite formation in shallow waters (as suggested by
Kempe 1990). However, their two-stage model of microbialite formation
in Lake Satonda, which claims that superficial in vivo permineralization of
coccoid cyanobacterial colonies by high-Mg calcite is followed by internal
fibrous aragonite growth due to anaerobic decay of the entombed colonies
to form microstromatolites (Kaźmierczak and Kempe 1990) as well as
Wetheredella-like structures (Kaźmierczak and Kempe 1992) is a theoret-
ical construct without supporting evidence from data and observations from
Satonda crater lake. Also, the comparison of Lake Satonda stromatolite-
like encrustations on green algae with early Paleozoic stromatoporoids by
Kaźmierczak and Kempe (1990) lacks—in our opinion—any supporting
evidence.

In their discussion, Kaźmierczak and Kempe reiterate allegations seem-
ingly supported by images and data. At a closer look, results obtained from
inadequately treated samples (air drying, etching fractures, or cutting
planes), a tendentious identification of coccoid structures, analytical failures
(basic mineralogy from EDX measurements), and biased consideration of
data (supersaturation) results in theoretical misconceptions of post-mortem
calcification of degrading cyanobacterial colonies. Our positions and ar-
guments follow.

DEFINITION OF MICROBIALITE AND MISQUOTATIONS

Kaźmierczak and Kempe misinterpret the term ‘‘microbialite’’ and dis-
regard its definition. The term was introduced and defined by Burne and
Moore (1987), not Kennard and James (1986): ‘‘Microbialites are orga-
nosedimentary deposits that have accreted as a result of a benthic microbial
community trapping and binding detrital sediment and/or forming the locus
of mineral precipitation’’ (Burne and Moore 1987, p. 241–242). ‘‘Forming
the locus of precipitation’’ does not imply an active role of microbes (in
the meaning of physiologically shifting chemical equilibria). This means
that ‘‘tufa,’’ which mineralizes ‘‘passively’’ largely due to external factors,
is a ‘‘microbialite.’’

This passive role of biofilm communities is exactly what we propose for
aragonitic parts of the Satonda microbialites: a biofilm mineralization due
to external hydrochemical forcing. Therefore, our title is in full agreement
with the content of our paper and the definition of ‘‘microbialite.’’

Further misquotations are also found in Kaźmierczak and Kempe’s dis-
cussion. They state that a mode of CaCO3 precipitation inside the common
mucilage sheaths (glycocalix) as proposed for Satonda has been noticed in
other in vivo calcified cyanobacterial mats and biofilms and that ‘‘In at
least some of these examples, organically controlled precipitation occurs in
the mucilage forming granular submicron CaCO3, followed by abiotic pre-
cipitation of more crystalline forms, such as aragonite needles.’’ For these

statements, Kaźmierczak and Kempe cite Cohen et al. 1977 (however, the
correct citation is Krumbein et al. 1977), Jørgensen et al. 1983, Fenchel
and Kühl 2000, Kaźmierczak et al. 2001, Paerl et al. 2001, Dupraz and
Reid 2001, and Kühl et al. 2003. We have read these papers word by word
and note that none of the cited papers describe in any place granular sub-
micron CaCO3 precipitation followed by the formation of fibrous aragonitic
crusts within a cavity-like anaerobic microenvironment. The paper
Jørgensen et al. (1983) does not even deal with carbonates at all.

CALCIFICATION OF BENTHIC CYANOBACTERIAL MATS PRESENTLY

LIVING IN THE LAKE

Kaźmierczak and Kempe used air-dried samples for SEM and EDX in-
vestigation to prove in vivo permineralization of cyanobacterial biofilms.
Surfaces of such samples contain artificially precipitated salts, including
carbonates from the evaporated lake water. Consequently, the EDX spec-
trum figured by Kaźmierczak and Kempe (Fig. 1G, this comment) shows
peaks of Na, K, Cl, Ca, and Mg.

We have imitated the procedure of Kaźmierczak and Kempe and confirm
by our own EDX analyses that these minute crystals on air-dried samples
are chlorides, sulfates, and in some cases probably carbonates (Ca, Mg, but
no associated Cl or S; supplementary data, see Acknowledgments). These
are artificial precipitates, because air-dried subsamples show these precip-
itates, whereas microtome sections of subsamples fixed by pH-buffered 4%-
formol-containing filtrated lake water are free of them (Fig. 1A–C). None
of the hardpart microtome sections (1993 and 1996) revealed a ‘‘strong
permineralization with ultra-small grains of Mg-calcite.’’ The use of pH-
buffered fixatives is necessary to avoid artificial CaCO3 mineral dissolution
or precipitation after sampling and disproves Kaźmierczak and Kempe’s
continuously reiterated scenario of a massive in vivo permineralization of
cyanobacterial mats in Lake Satonda. Permineralization in Kaźmierczak
and Kempe’s samples is post-mortem, but artificial.

Natural CaCO3 clots, however, were found in biofilm sections of our
adequately treated samples taken in June 1996 at less than 1 m water depth
(reef tops; Arp et al. 2003, their fig. 12). Biofilm samples from greater
depths do not contain these CaCO3 clots. We applied wavelength-dispersive
electron microprobe analysis to polished sections of this material. None of
the scattered carbonate clots in the reef surface biofilms of 1996 (samples
from less than 1 m depth) showed a Mg-calcitic composition; all of them
had low Mg and high Sr contents indicating aragonitic mineralogy (Arp et
al. 2003, their table 2). One sample from 1993 (0.5 m depth; Arp et al.
2003, their fig. 8A) shows fibrous aragonite inside Cladophora cells. In all
other samples from 1993 and 1996 we simply did not find any CaCO3

precipitates in reef-surface biofilms.
Published efforts of Kaźmierczak and Kempe to identify mineral phases

are restricted to two EDX spectra and one single EDX mapping of Mg
(Kempe and Kaźmierczak 1993) and a further EDX spectrum in their dis-
cussion. These EDX measurements show mixed area signals from co-oc-
curring mineral phases, which do not permit the interpretation of elemental
ratios (uncalibrated intensities) or mineral identification (Kaźmierczak and
Kempe’s fig. 1G). Therefore, without spatial element distributions and cor-
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FIG. 1.—Artificial precipitates and identity of coccoid microorganisms, Satonda Crater Lake, Indonesia. A) SEM view of air-dried biofilm with spicule, diatoms, and
collapsed cells on red algal reef surface. Note artificial precipitates of NaCl (hygroscopic) and other salts containing Ca21, Mg21, Cl–, and SO4

2–. 14 m depth, reef #10.
Sample Sat 93/69.

B) Hardpart section of the same sample shown in part A. This subsample was fixed with 2% formol in pH-buffered filtrated lake water. The epifluorescence micrograph
shows hemispherical cells of the unicellular alga ‘‘Dermocarpella’’ (derm) upon red algal thallus (pey). C) Same view as in part B under crossed nicols, demonstrating
that the biofilm including the unicellular algae is free of precipitates. For scale see part B. D) TEM section of hemispherical alga ‘‘Dermocarpella’’ showing a thick, stiff
wall and thylakoids. Insert is a detail of thylakoid structure. 0.5 m depth, reef #17 (TEM image 6372). Sample Sat 93/37.2. E) TEM section of a pleurocapsalean
cyanobacterium with concentric parietal thylakoids and a layered sheath. 0.5 m depth, reef #17 (TEM image 6395). Sample Sat 93/37.2.

relations or calibrated high-resolution point/line analysis of individual phas-
es it is neither possible to conclude about the occurring mineral phases in
their figure 1F nor to state that any of the small mineral phases depicted
in their figures 1A to 1F are Mg-calcites.

Finally, even within one and the same paper, Kaźmierczak and Kempe
have denoted their biofilm surface precipitates and the microcrystalline
phase within the underlying subfossil crusts (i.e., the ‘‘microstromatolites’’)
as both low-Mg calcite and high-Mg calcite (Kaźmierczak and Kempe
1990, low-Mg calcite on p. 1246–1247 and figure 4, ‘‘Mg-calcite’’ in fig-
ures 3B and C; Kempe and Kaźmierczak 1993, high-Mg calcite in text and
figure captions, low-Mg calcite in Plate 8/2). This gave us the impression
that Kaźmierczak and Kempe themselves were never sure about the min-
eralogy of these precipitates.

In summary, Kaźmierczak and Kempe never provided evidence of
Mg-calcitic permineralization of pleurocapsalean cyanobacterial bio-
films in Satonda, neither with regard to mineralogy nor with regard to
its existence.

IDENTITY OF COCCOID MICROORGANISMS

The procedure applied by Kaźmierczak and Kempe of air-drying biofilm
samples also results in collapsed cellular structures. These collapsed struc-
tures were collectively assigned to coccoid cyanobacteria by Kaźmierczak
and Kempe. However, in many cases we see only holes, which cannot be
assigned to specific organisms (e.g., Kaźmierczak and Kempe discussion,
their figure 1A). Among these (Kaźmierczak and Kempe, their figures 1B–
D), there are possibly also pleurocapsalean cyanobacteria because these 2–
10-mm-size coccoid cyanobacteria indeed occur in Lake Satonda reef-sur-
face biofilms (Arp et al. 1999, 2003). Some collapsed ‘‘pleurocapsalean
cyanobacteria’’ shown by Kaźmierczak and Kempe (e.g., Kempe and Kaź-
mierczak 1993, their plates 6/4–6 and 7/1; Kaźmierczak and Kempe dis-
cussion, figure 1E) are similar to our unidentified alga ‘‘Dermocarpella’’
in size (12–15 mm diameter), shape (hemispherical), and occurrence as
isolated cells, as demonstrated in Figure 1A–C. However, this alga has a
stiff, layered wall and thylakoid arrangements (Fig. 1D) differing from
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FIG. 2.—Electron microprobe analyses (WDX) of subfossil stromatolitic crusts, Satonda Crater Lake, Indonesia. A) Ternary plot of Ca, Mg, and Si (mole %) compiled
from four WDX traverses. Mixed signals obtained from thin dark layers of the microstromatolitic crusts plot between aragonite and the amorphous Mg–Si phase, whereas
Mg-calcite of sediment pockets adjacent to the stromatolitic crusts forms a separate phase. Sample Sat 93/74 (1813). B) Ternary plot of Ca, Mg, and Si (uncorrected
intensities) from an element map of a microstromatolitic crust. Note that there is no indication of Mg-calcite within the microstromatolitic crusts. Sample Sat 93/74 (1813).

pleurocapsalean and other cyanobacteria (Fig. 1E; see Stevens and Nier-
zwicki-Bauer 1991, Komárek and Čáslavská 1991, Chou and Huang 1991,
Komárek 1999). Therefore, the systematic position of this alga remains
unknown, and it is not clear whether this is a pleurocapsalean cyanobac-
terium at all.

For subfossil stromatolitic crusts, Kaźmierczak and Kempe presented
etched cutting planes with holes (Kempe and Kaźmierczak 1993, their plate
8/4–5) and ‘‘coccoid’’ structures crosscutting the aragonite fibers (Kempe
and Kaźmierczak 1993, their plate 8/2, 6). The former are simply disso-
lution pits (no biogenic origin evident), but the latter are probably of en-
dolithic origin. Because of the lack of biofilm sections, the presence of the
endolithic cyanobacterium Hyella, which is abundant in shallow-water reef
samples of Satonda, has not been noticed by Kaźmierczak and Kempe and
is ignored continuously.

With regard to subfossil cyanobacterial remains, Kaźmierczak and Kem-
pe show images of silicified cellular structures whose assignment to a cer-
tain organism group remains open to interpretation. Figures 2C and E of
their discussion may show pleurocapsalean cyanobacteria—who knows?
However, the spatial context remains unclear. Figures 2D and F of their
comment show cellular remains within the cysts, which could be anything,
also degraded sponge cells. No argument is presented by Kaźmierczak and
Kempe to differentiate between epilithic and endolithic cyanobacterial cells
and sponge cells. However, the subspherical wall indicated by the white
and black arrows in their figures 2D, E, and F is of sponge origin, because
of its well defined limitation, arch-like shape (note: cyanobacterial sheaths
should encircle the colony cells), and composition (amorphous material, no
CaCO3, neither aragonite nor high-Mg calcite).

In summary, there is no indication that cyanobacteria played a significant
role in the formation of subfossil stromatolitic crusts in Satonda. Instead,
an alternation of thin biofilm growth with upwelling of anoxic bottom
waters during mixing events and growth of fibrous aragonite cement ex-
plains all observations and data (Arp et al. 2003).

SUPERSATURATION IN 1986, 1993, AND 1996

In their discussion, Kaźmierczak and Kempe state that in 1996 mixolim-
nion supersaturation was lower than in October 1993 and 1986 to explain
why they viewed precipitates while we did not find them. This statement

contradicts all hydrochemical measurements, including their own. (1) Su-
persaturation in shallow water near the lake shore (0.1–0.2 m depth) re-
mained virtually constant among the three years (Table 1). We emphasize
that it was the uppermost meter at the end of the wet season in 1996 where
we found the only CaCO3 precipitates in reef-surface biofilms. (2) The
remaining parts of the mixolimnion, where we did not find calcifying reef-
surface biofilms (1993 and 1996), show higher supersaturations compared
to 1986 (Table 1). In their comment, Kaźmierczak and Kempe selectively
exclude these facts.

Apart from that, the background supersaturation is not the crucial point
because it reflects the metastable conditions of a water body due to nucle-
ation inhibitors. Of central importance are ion fluxes, mass balance, and
theoretical supersaturations during mixing events. We have demonstrated
that the minor amount of CaCO3 found in the reef-top biofilms of 1996 is
consistent with hydrochemical data (1993 and 1996) and mass-balance cal-
culations. No such calculations were provided by Kaźmierczak and Kempe.

MICROBIAL EFFECTS ON CaCO3 SUPERSATURATION

Kaźmierczak and Kempe state that ‘‘CaCO3 mineralization of cyano-
bacterial biofilms in Satonda Lake is not directly linked to their photosyn-
thetic activity.’’ We agree with this (Arp et al. 1999, 2003). However, later
in their comment they state that ‘‘CaCO3 precipitation on the biofilm re-
quires photosynthetic uptake of CO2 and / or HCO3

– coupled with other
environmental factors, like high Ca21, pH, and alkalinity levels’’ (in gen-
eral and in Satonda). If we understand this statement correctly, they think
that photosynthesis is one of several factors in Lake Satonda biofilm cal-
cification (i.e., their supposed Mg-calcitic permineralization of cyanobac-
teria). If so, their statement is consistent with their publication in 1990,
where they argue that the stromatolite samples (which in fact are subfossil
aragonites!) show d13C values approximately 5‰ more positive relative to
the dissolved inorganic carbon (DIC) of the lake water in 1986 (Kempe
and Kaźmierczak 1990b). From that, they concluded that ‘‘this is the typ-
ical fractionation for non-enzymatic CaCO3 precipitation with algae (e.g.,
Craig 1953),’’ ‘‘proving that the Satonda reefs are true stromatolites of
cyanobacterial origin (Hofmann 1973; Walter 1983)’’ (Kempe and Kaź-
mierczak 1990b, p. 308). Note that this violates their model of post-mortem
anaerobic aragonite growth in cyanobacterial mats.
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TABLE 1.—Basic data on water chemistry of samples from the mixolimnion of Satonda Crater Lake.

Sampling
Period

Depth
m

T
8C pH p«a

Cond.
mS cm21

Total
Alkb

meq L21
DICc

mmol L21
Na1

mmol L21
K1

mmol L21
Ca21

mmol L21
Mg21

mmol L21
SO4

22

mmol L21

Cl2

Measured
mmol L21

Cl2

Balanced
mmol L21 SICc

d SIArag
d

pCO2
e

matm

October 1983 0.1
2.0

10.0
20.0

31.8
29.9
29.8
28.6

8.50
8.43
8.42
8.33

6.67
6.84
5.55
5.67

42.7
38.8
38.8
38.5

3.72
3.60
3.68
3.60

3.11
3.10
3.18
3.21

409
410
409
405

11.6
11.4
11.4
11.3

5.59
5.39
5.54
5.39

40.7
44.5
43.4
43.2

18.0f

18.0f

18.0f

18.0f

478
479
479
475

478
487
484
479

1.00
0.90
0.92
0.82

0.86
0.76
0.78
0.68

324
380
398
513

October 1993 0.1
5.0

10.0
15.0
20.5

30.7
30.8
30.5
30.5
30.5

8.58
8.59
8.58
8.59
8.56

4.52
4.38
4.30
4.35
4.34

38.9
38.9
39.0
39.0
39.1

4.17
4.15
4.15
4.17
4.20

3.42
3.39
3.41
3.41
3.47

420
419
417
418
422

11.5
11.5
11.5
11.6
11.5

4.69
4.67
4.70
4.71
4.73

42.5
42.6
42.5
42.5
42.8

18.3
18.6
18.5
18.6
18.6

490
489
487
488
492

1.01
1.01
1.01
1.02
1.00

0.87
0.87
0.87
0.88
0.86

282
269
282
275
302

June 1996 0.2
5.0

10.0
15.0
20.0

30.7
30.5
30.5
30.9
31.8

8.57
8.58
8.58
8.53
8.35

6.11
6.15
5.95
6.09
5.92

37.6
37.5
37.5
38.8
39.8

3.99
4.00
3.98
4.14
4.24

3.29
3.29
3.27
3.45
3.71

400
402
401
422
429

11.1
11.0
11.0
11.3
11.6

4.55
4.58
4.56
4.70
4.79

41.3
41.3
41.6
42.8
43.0

16.9
17.0
17.2
19.2
18.9

470
471
471
491
499

0.98
0.99
0.99
0.98
0.88

0.84
0.85
0.85
0.84
0.74

282
275
269
324
575

SICc, SIArag: Saturation index for calcite and aragonite, respectively. The lake level in June 1996 was 1 m higher compared to October 1993. Lake level in October 1986 was similar to that of October 1993. Data of
October 1983 were taken from Kempe and Kaźmierczak (1993) and have been recalculated for saturation indices.

a Redox intensity p« 5 2log {e2}.
b Total alkalinity 5 acid-neutralizing capacity expressed as milliequivalents per liter.
c Dissolved inorganic carbon DIC 5 [CO2(aq)] 1 [H2CO3] 1 [HCO3

2] 1 [CO3
22].

d Saturation index SI 5 log (IAP/K), where IAP 5 ion activity product of Ca21 and CO3
22, and K 5 solubility product of calcite and aragonite, respectively.

e Partial pressure of carbon dioxide.
f Estimated.

We have shown by model calculation and occurrences of calcified cya-
nobacteria that cyanobacterial photosynthesis can induce CaCO3 precipi-
tation to form distinct cyanobacterial microfossils only in settings of low
DIC / high Ca21 (Arp et al. 2001). For Lake Satonda the DIC is high
enough to buffer the effect of cyanobacterial photosynthesis on CaCO3

supersaturation, which is consistent with results for other soda lakes (Arp
et al. 2001). Therefore, photosynthesis appears not to be a significant factor
in driving CaCO3 precipitation in Lake Satonda.

A further theoretical misconception of Kaźmierczak and Kempe is their
assumption that anaerobic degradation and sulfate reduction must lead to
higher supersaturation and CaCO3 precipitation. Our model calculations,
however, have demonstrated that anaerobic exopolysaccharide decay via
sulfate reduction lowers rather than raises supersaturation in Satonda bio-
films.

SUBFOSSIL STROMATOLITE-LIKE CRUSTS

The subfossil stromatolite-like crusts on green algal filaments consist of
fibrous aragonite and an amorphous Mg–Si phase. Again, we have con-
trolled our data by two further microprobe line measurements and two
element mappings (Figs. 2A, B, 3, and supplementary data, see Acknowl-
edgments) to exclude the possibility that we may have missed the crucial
layers.

The ternary plot of Ca, Mg, and Si (calibrated concentrations; Fig. 2A)
demonstrates that mixed signals of layers less than approximately 5 mm
thick form a continuous line, thereby maintaining constant Mg–Si ratio,
between aragonite and the amorphous Mg–Si phase, distinct from Mg-
calcite. Two element mappings of stromatolitic crusts gave no other result
(each mapping 250,000 data points, uncalibrated intensities; Fig. 2B and
supplementary data, see Acknowledgements). The Mg–Si relation is con-
stant; there is no indication of Mg-calcitic layers. Mg-calcite (with low Sr)
has been detected only in the red alga Lithoporella, foraminiferal skeletons,
and pellets in pockets between the stromatolitic crusts (Fig. 2A). Kaź-
mierczak and Kempe alter the results of our measurements (Arp et al. 2003,
fig. 4) in an unacceptable way when stating that Satonda Lake stromatolitic
crusts comprise ‘‘aragonitic layers alternating with calcitic layers (the latter
often with some admixture of SiO2 or Mg-silicate).’’ We emphasize that
there is neither indication of pure SiO2, nor of Mg-silicate, nor a mixture
of them with calcite (Figs. 2A, B, 3). What we found is aragonite and an
amorphous Mg–Si phase, which at best could be a precursor of a Mg-
silicate. This Mg–Si phase is also characterized by high Mn concentrations

(Fig. 3), presumably due to the attraction to OH groups as would be the
case for Mg in connection with SiO2 gels under slightly alkaline conditions.
The Mn content may further substantiate our interpretation that the for-
mation of the Mg–Si phase is linked to mixing events and anoxic conditions
(Arp et al. 2003). On the other hand, the aragonite layers are low in Mn
(Fig. 3), demonstrating that aragonite growth did not take place under an-
aerobic conditions—in contrast to the theories of Kaźmierczak and Kempe.

Kaźmierczak and Kempe tried to demonstrate the Mg-calcitic mineralogy
of the thin dark layers of the stromatolitic crusts by two EDX spectra and
one single EDX map (their fig. 4A–C; Kempe and Kaźmierczak 1993, their
plate 2/7–9). However, Kempe and Kaźmierczak (1993, plate 2/9) showed
the Mg distribution (Fig. 4C) but not the Ca and Si distribution (i.e., biased
presentation of data). These element maps would have shown that Mg
correlates with Si, excluding a Mg-calcitic mineralogy (Fig. 4D–G, and
supplementary data, see Acknowledgments). In summary, Kaźmierczak and
Kempe failed to provide any evidence for the presence of Mg-calcitic layers
in the subfossil microstromatolitic crusts.

WETHEREDELLA-LIKE STRUCTURES

Kaźmierczak and Kempe question our finding of resting bodies (gem-
mulae) in the Satonda sponge (Arp et al. 1996, their plate 2/6–7; Arp et
al. 2003, their fig. 13C–D). However, such resting bodies are well described
from a few marine sponges, especially from genera of the Suberitidae (Con-
nes et al. 1978; Simpson 1984). The suberitid sponge from Satonda crater
lake belongs to a new species of Protosuberites (former Laxosuberites sen-
su Topsent 1938, in Soest 2002). Protosuberites n.sp. is abundant in Sa-
tonda. Hardpart biofilm sections commonly show resting cysts in cavities
and depressions located directly below living sponge basopinacoderm (Fig.
5A–D). The resting cysts are subspherical structures with a collagenous
wall attached to the substrate. The cells within the cystous structures are
eukaryotic sponge cells because they show nuclei and compartmentation
(Fig. 5E–F: archaeocytes and thesocytes). The suberitid cyst wall is single-
layered and lacks spicules (Connes et al. 1978; Simpson 1984). Only ul-
trastructural investigations show light and dark bands reflecting the density
of microfibril arrangements, and, on the basis of the widths of these bands,
an inner and an outer zone can be recognized in TEM sections (Connes et
al. 1978; Simpson 1984). We have no TEM sections of Lake Satonda
sponge cysts, but fluorescence microscopy of hardpart microtome sections
also reveals a structural subdivision of the cyst walls in Satonda (Fig. 5D).

Kaźmierczak and Kempe simply did not observe the sponge resting bod-
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FIG. 3.—Electron microprobe traverse of a microstromatolitic crust of the subfossil reef core [Sample Sat 93/74 (1813)]. Transmitted light (upper micrograph) and crossed
nicols (lower micrograph). Fibrous layers are composed of aragonite, whereas amorphous layers are composed of an unidentified Mg–Si phase. Thin layers of microcrystalline
appearance are formed by a mixture of aragonite and amorphous Mg–Si phase (see Fig. 2). Note enrichment of Mn (and Fe) in Mg–Si layers, which are interpreted to
have formed under anoxic conditions after seasonal upwelling of anoxic monimolimnion waters and overgrowth by fibrous aragonite.

ies because of inadequate sample treatment (air drying) and lack of biofilm
sections. Furthermore, Kaźmierczak and Kempe have consequently ignored
that the wall of subfossil Lake Satonda Wetheredella-like cysts is not com-
posed of Mg-calcite or any other carbonate, but of amorphous material.

In addition to the above points, it has to be emphasized that the formation
of a resistant outer sheath (‘‘common glycocalix,’’ Kaźmierczak and Kem-

pe 1990, 1992) forming a cystous structure during degradation of coccoid
cyanobacterial colonies has never been shown by any study investigating
recent cyanobacterial biofilms. Furthermore, the unidirectional growth of
aragonite fibers radiating from the base of the structures (Kaźmierczak and
Kempe 1990, their fig. 4; Kaźmierczak and Kempe 1992, their fig. 7) is
incompatible with decaying cyanobacterial sheath material providing uni-
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FIG. 4.—Comparison of EDX and WDX analyses of subfossil stromatolitic crusts, Satonda Crater Lake, Indonesia. A) From Kempe and Kaźmierczak (1993), who state
‘‘EDAX-spectra of the section [fig. 4 B] showing the relative abundance of Mg, Si, S, Cl and Ca in the aragonitic layer (dotted line) and in the high Mg-calcitic layer
(hatched curve). Note the high Mg concentration in the calcitic compared to the aragonitic layer.’’ B) From Kempe and Kaźmierczak (1993), who state ‘‘SEM view of
cross-fractured and EDTA-etched fragment of the Satonda Crater Lake fossil calcareous stromatolite [. . .], showing the contact between the in vivo with high Mg calcite
permineralized coccoid cyanobacterial layer and the post mortem with aragonite permineralized layer of decomposed coccoid cyanobacteria.’’ Scale bar is 3 mm. C) From
Kempe and Kaźmierczak (1993), who stated ‘‘EDAX-mapping of the same section showing magnesium distribution within both layers.’’ Si and Ca distribution have not
been shown. For scale see part B. D) Detail of an analogous section of subfossil microstromatolitic crust (thin section), which we have used for WDX element mapping.
Our measurements demonstrate (see E–G) that Mg correlates with Si (amorphous Mg–Si phase), whereas Ca forms a separate mineral phase (aragonite). Scale bar is 10
mm. E) WDX element map of Mg. Same view as in part D. F) WDX element map of Si. Same view as in part D. G) WDX element map of Ca. Same view as in part
D.

formly distributed nucleation sites. Why should no nucleation of CaCO3

occur at the supposed Mg-calcitic roof? Instead, hemispherical sponge cysts
with collagenous walls poor in nucleation sites explain this observation
(Arp et al. 2003). Here, the only place left for CaCO3 nucleation is at the
base of the structure, allowing fan-like growth of aragonite fibers—as com-
monly observed in the Wetheredella-like structures of Satonda.

PALEOZOIC STROMATOPOROIDS

The comparison of Lake Satonda stromatolite-like crusts with Paleozoic
stromatoporoids (Ordovician Cystostroma, Pseudostylodictyon, Clathrod-
ictyon; Famennian Pseudolabechia, Stylostroma), and the conclusion that
these stromatoporoids were built by calcifying coccoid cyanobacteria (i.e.,
some stromatoporoids are cyanobacterial stromatolites according to Kaź-
mierczak and Kempe 1990), is based on a highly interpretive, superficial
comparison of schematic illustrations (e.g., Nestor 1964) and thin sections
of subfossil Satonda reef carbonates. No valid argument to support the
theory of ‘‘cyanobacterial stromatoporoids’’ (Kaźmierczak 1976) exists.
Stromatoporoids, including the genera listed by Kaźmierczak and Kempe
(1990), are coralline sponges (see Stearn 1975; Reitner 1992) and show
mammelons (Cystostroma, Pseudostylodictyon, Stylostroma, Pseudolabe-
chia), astrorhizae (Clathrodictyon), and pilae (see, e.g., Nestor 1964; Web-
by 1969; Kaźmierczak 1971; Stearn 1980). These characteristics do not
occur in Lake Satonda stromatolite-like crusts or any other stromatolite.

Furthermore, no radial fibrous growth of carbonate crystals from the base
of each cellular structure occurs, only a drusy mosaic of spar cements

occurs in Paleozoic stromatoporoids (Webby 1969; Kaźmierczak 1971).
Also, Paleozoic stromatoporoids have calcitic skeletons, whereas Satonda
stromatolitic crusts are composed of aragonite and an amorphous Mg–Si
phase. We consider the ‘‘coccoid cyanobacterial structures’’ figured by
Kempe and Kaźmierczak (1993, Plate 8/4) from aragonitic layers in Lake
Satonda stromatolitic crusts to be artifacts, as described above.

CONCLUDING REMARKS

We hope that our paper and reply contributes some clarification to as-
pects of biofilm mineralization in general, and with regard to the case study
of Satonda. We hope that the reader will focus on the validity of arguments
presented above. In our opinion, the theory that certain ‘‘common enig-
matic Paleozoic fossils’’ described as Wetheredella and stromatoporoids
formed by calcifying coccoid cyanobacteria (Kaźmierczak and Kempe
1990) remains without evidence, ignores structural and mineralogical dif-
ferences, and is not supported by Lake Satonda microbialites. Consequent-
ly, Paleozoic stromatoporoids themselves cannot serve as argument for el-
evated alkalinities in marine waters of that time. On the contrary, intensified
calcification in many marine organisms during certain times in Earth history
may rather reflect high Ca21 concentrations (Stanley and Hardie 1998),
which may or may not coincide with elevated levels of alkalinitites.

What we do not state is that our model of Lake Satonda microbialite
formation will be the final solution. More knowledge is needed, especially
with regard to the formation of the Mg–Si phase. There is also a strong
need for geomicrobiological investigations (in situ identification and lo-
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FIG. 5.—Recent hadromerid sponge resting bodies (gemmulae) and subfossil Wetheredella-like structures, Satonda Crater Lake, Indonesia. A) Overview of hadromerid
sponge Protosuberites (sub) growing upon subfossil aragonitic reef carbonate (arag). Note subspherical resting bodies (rb), which are abundant at the base of sponge in
Lake Satonda. Transmitted light. 18 m depth, reef #10. Sample Sat 93/20. B) Detail from part A. Intergrowing subspherical gemmulae filled with sponge cells. The subfossil
reef carbonate (arag) is veneered by an amorphous Mg–Si layer (Mg–Si phase). Nomarski optics. C) Detail from part A. Epifluorescence microscopy shows that in this
case the resting body contains archeocytes prior to their transformation to thesocytes. Note compartmentation and nuclei (arrows) of the cells demonstrating their eukaryotic
nature. The cyst wall is structurally subdivided into several layers. Deconvolved epifluorescence micrograph (ex 540–550 nm, em 565–595 nm). D) Detail from part B.
Another resting body showing fully developed thesocytes with compartments. Note layered microstructure of the cyst wall (arrow). Deconvolved epifluorescence micrograph
(ex 540–550 nm, em 565–595 nm). E) Intergrowing subfossil sponge cysts partially filled with fibrous aragonite (arag). 14 m depth, reef #10. Nomarski optics. Sample
Sat 93/69. F) Subfossil Wetheredella-like structures filled with fibrous aragonite (arag). These Wetheredella-like structures occur in partially silicified (Mg–Si phase) peloid-
rich pocket of red-algal reef framework. Usually, the cyst walls are also silicified by the Mg–Si phase. 0.5 m depth, reef #1. Plane polarized light. Sample Sat 93–68.
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cation of bacteria, tracing their physiological activity, etc.). In any case,
progress is dependent on the ability to modify, revise, or reject past models
when they turn out to be incompatible with new data and observations.

ACKNOWLEDGMENTS

We thank Andreas Kronz (GZG, Geochemistry, University of Göttingen) for elec-
tron microprobe analysis and discussion of data. Discussions with Martin Dietzel
(Institute of Engineering Geology and Applied Mineralogy, University Graz), and
Thomas Friedl (Culture Collection of Algae at the University of Göttingen) helped
with regard to mineralogy and identification of algae, respectively. Thanks to David
Budd and John B. Southard for lingual improvements.

The supplementary data described in this paper have been archived, and are avail-
able in digital form, at the World Data Center for Marine Geology and Geophysics,
NOAA/NGDC E/GC3, 325 Broadway, Boulder, CO 80303; (Phone: 303-497-6339;
fax: 303-497-6513; E-Mail: wdcmgg@ngdc.noaa.gov; URL: http//www.ngdc.noaa.
gov/mgg/sepm/archive/index.html)

REFERENCES
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band 2, p. 59–63.
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