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S u m m a r y  

Cyanobacteria-dominated biofihns involved in tufa 
deposition in the hardwatcr creek Deinschwanger Bach, 
Bavaria, were investigated with regard to their effect on 
the carbonate equilibrium and fabric formation. Current 
tufa deposition is evident by up to 1.5 mm thick crusts that 
have formed on substratc plates placed in the creek for 10 
months. Hydrochemistry data indicate that carbonatc pre- 
cipitation along the creek is physicochemically driven by 
CO 2 degassing, whereas photosynthetic carbon assimila- 
tion is without detectable effect on the macroscale carbon- 
ate equilibrium. However. stable isotope data indicate a 
minor photosynthetic effect, but only for tile lower crock 
section where the pCO.~ already drops to the two-fold oft hc 
atmospheric level. Though the initial process of external 
nucleation on cyanobactcrial sheaths in the hw,.'er creek 
section might be promoted of by a photosynthetically- 
induced microscale pil gradient, the effect is not strong 
enough to cause a CaCOa impregnation of the sheaths. ' lhc 
fabric of the laminated tufa crusts in the crcck reflects the 
temporal alternation of porous micmsparitic P h o r m i d i u m  

i n c r u s t a t u m -  l ~ h o r m i d i u m . / b v e o l a r u m  - diatom bio fihaas in 
spring, micritc-imprcgnatcd l ' h o r m i d i u m  incru.v latunt  - 

P h o r r n i d i u m  f o v e o l a r u m  - diatom biofihns in summer- 
autumn, and detritus-rich non-calcified diatom-biofilms 

in winter. By contrast, exopolymer-poor surfaces of cascade 
tufa mosses show large, cuhcdral spar crystals. Non-pho- 
totrophic bacteria, which occur in large numbers in P h o r m i d i u m  

i /K ' t t t s la tun/  - l ' h o r m i d i u m  f o v e o h n u m  - diatom - COlnmuni- 
tics, thrive on cxtracellular polymeric substances (EPS)and 
dead cells of the cyanobactcria and arc unlikely to promote 
CaCO 3 precipitation. 

1 CALCAREOUS TUFA FORMATION AT CO()l, 
SPRINGS AND IN CREEKS 

Calcareous tufa deposils of springs and creeks arc a COll]- 
m(m feature of karst regions such as the Franconian and 
Swabian All) (c.g., Stirn, 1964; Grfiningcr, 1965). Karslifica 
lion driven by soil-derived ( 'O,  leads to the formation o1'(Ta -?'- 
rich, high-pCO<groundwatcrs which rapidly degas when the 
aquifer discharges to thc subaerial environment (see, e.g., 
B6gli, i078). Calcareous tufa refers to pc, roLlS, poorly slrati- 
fled, usuall;, friable carbonate rocks which form at such non- 
thermal springs and creeks. Low-Mg-calcitc is usually the 
main mineral component (e.g., lrion & Mtiller, 1968) becau,se 
of generally lt,w' Mg2+/('a !~ ratios of karst watcrs. 

l"hc h)rmation of calcareous tufa at springs and creeks is 
generally considcrcd to bc largely inorganic, i.e. physico-- 
chemically driven by CO, degassing rising (-'a(iO ~ supersatu- 
ration (e.g. l lerman & l,orah. ] 987, 1988). In addition, mosses 
and plants that populate springs and creeks provide large 
surfaces, thereby cnhancing ('O-~ degassing. (2yanobactcria 
arc considered r provide suitable nucleation sites by their 
sheaths (Pentecost. 19,v,5: Pentecost & F, iding, 1986). In 
addition, lheir sticky sheaths should trap and bind dctrital 
carbonate particles, which further grow inorganically within 
the sulpcrsalurated cnvironmcnt. The potential refit,once of 
metabolic CO, fixation b\  plants and cvanobacteria ix mcn- 
tioned in almost any study on tufa systcnls. Pia ([92A, 1933) 
and Wallncr (1934ab, 1935) denoted s~mlc tufa deposits as 
"physiohmically prccipitatcd'" or "phytogcn", caused by ('()~ 
assimilation. Golubic (1973) nolcd [hal ( ' a ( ' O  3 precipitation 
in the upper part of a river flow is largely inorganic, whereas 
biogcnie precipitation m~t\ increase dox,/nstrcam ,ahcn cqtli- 
librium conditions with regard to atmospheric p(:(), arc 
reached. Indccd, tufa depositing springs and creeks show on Iv 
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minor diurnal changes in pH (Grtininger, 1965; Usdowski et 
al., 1979). Calcite precipitates of a tufa depositing creek 
north of G6ttingen show b~3C values close to that of the 
dissolved carbonate species, thus, indicate a rapid precipita- 
tion to cause this isotopic disequilibrium (Usdowski et al., 
1979). Further, photosynthetic rates of cyanobacteria mea- 
sured by ~4C uptake were too low to account for CaCO 3 
deposition rates observed in tufa systems (Pentecost, 1978). 
Only about 1-5% of the CaCO 3 could have formed as a result 
of cyanobacterial CO 2 uptake in the case studies investi- 
gated by Pentecost (1978). Nonetheless, under conditions of 
low discharge photosynthesis determines the diurnal varia- 
tions in ~13C in dissolved inorganic carbon in creeks (Spiro 
& Pentecost, 1991). 

All these three observations clearly point to a negligible 
role of photosynthetic CO 2 assimilation in shifting the 
carbonate equilibrium to cause CaCO 3 precipitation in flu- 
vial tufa systems (e.g., Grfiningcr, 1965: 88). This view has 
recently been confirmed by a comprehensive study on water 
chemistry and tufa precipitation of two hardwater creeks 
near Bad Urach, Swabian Alb, South Germany (Merz-Preig 
& Riding, 1999). 

However, other studies focussed on potential microscale 
gradients caused by non-phototrophic bacteria, which pos- 
sibly modify the carbonate equilibrium within the exopolymer 
matrix of cyanobacterial colonies and mats (Caudwell, 1987; 
Pentecost & Therry, 1988; Szulc & Smyk, 1994). Though 
the presence ofscveral chemoorganotrophic and chcmolitho- 
trophic bacteria in tufa biofilms has been shown (Szulc & 
Smyk, 1994), data on their in-situ abundance and metabolic 
activity in natural samples are still missing. Aerobic het- 
erotrophs isolated from 10 tufa-depositing sites in Europe 
and North-America failed to cause CaCO 3 precipitation in 
laboratory experiments (Pentecost & Therry, 1988). Most of 
these isolates were gram-ncgative, motile rods of the 
"Pseudomonas"-type. Consequently, the tufa-depositing 
hardwater creek Deinschwanger Bach has been investigated 
with regard to hydrochemistry, the effect of biofilm 
cxopolymer matrix on CaCO 3 nucleation, fabric formation, 
and the presence of non-phototrophic bacteria. 

2 ENVIRONMENTAL SETTING 

The Deinschwangcr Bach ("Wurstbach") is a hardwatcr 
creek located at the western rim of the Franconian Alb 
approximately 30 km ESE of N/.irnberg (Fig. 1). The 
Franconian Alb plateau consists of Upper Jurassic carbonatc 
series, which arc affected by intensive karstification since 
the Early Cretaceous. Numerous caves, karst springs, and 
ttffa deposits are known from this area. 

The E-W trending valley of the Deinschwanger Bach 
cuts down from l x~wer Kimmeridgian limestones ("White 
Jurassic") down to Aalenian-Bajocian sandstones of the 
"Brown Jurassic" (Fig. 1). Callovian clays of 2-4 m thick- 
ness ("Ornatenton") below the up to 70 m thick Oxfordian- 
Kimmeridgian limestones arc responsible for numerous 
springs discharging from the karst aquifer. A second major 
spring horizon is bound to clayey siltstone intercalations 

("Disciteston") within the 50 m thick Aalenian-Bajocian 
sandstones. Large parts of the valley floor are covered by up 
to 6 m thick Holocene tufa deposits which now form terraces 
at the incised creek. The formation of Holocene tufas is 
possibly related to large landslides that might have dammed 
the creek temporarily (Schmidt-Kaler, 1974). 

The main spring of the Deinschwanger Bach discharges 
l0 - 15 L/sec (Schmidt-Kaler, 1974). It is located at 520 m 
above S.L. at the eastern end of the valley, approximately 10 
m above the Callovian-Oxfordian boundary. The creek is up 
to 3 m wide and usually less than 50 cm deep. Current CaCO 3 
deposition starts approximately 1.2 km away from the main 
spring and ends approximately 2.6 km downstream. In 
addition, both wooded sides of the valley show several small 
cascade tufas and wide-spread, swampy areas covered by 
sheet-like deposits of carbonate encrusted shells of the 
pulmonatc snail Cepaea hortensis. 

Four sites have been selected for a detailed study of 
biofilm calcification and water chemistry (Fig. 1): 
(1) The main spring (520 m above S.L.; site 1; PI. 1/1), 
(2) a small tufa cascade at the southern valley side (495 m 

above S.L.; site 2; PI. 2/1), 
(3) a small barrage of the middle creek, which is incised in 

Holocene tufa terraces (477 m above S.L.; site 3; P1.3/1), 
and 

(4) a low-turbulent, well-illuminated section of the lower 
creek part (462 m above S.L.; site 4; P1.4/1). 
All sampling sites, except for the lower creek section, are 

situated within shady, wooded area. 

3 INVESTIGATED MATERIAL AND METHODS 

Biofilm and water samples have been taken in spring 
(01.05.1996; 12.06.1999), summer (22.07.1996), autumn 
(22.11.1996), and winter (01.03.1997) at the four sites 
(Table 1). 125 hardpart sections of 21 formol/glutaralde- 
hyde-fixed, LR-White embedded tufa biofilm samples have 
been investigated by conventional light microscopy and 
wide-field deconvolution epifluorescence microscopy. In 
addition, 30 sections of 11 artificial substrate plates, which 
have been placed at the four sites for l 0 months (22.11.96 - 
30.09.97), have been investigated. The 5x5 cm sized plates 
of Solnhofen limestone, polystyrene, wood, and iron steel 
were fixed by 15 cm long screws at water-covered places. 
Fixation and preparation of hardpart sections was done as 
described in Arp ct al. (1998). For details of Wide-field 
deconvolution epifhiorescence microscopy (WDEM) see 
Manz et al. (2(100). 11 semithin and 9 ultrathin sections of 
two decalcified samples were prepared for TEM studies 
(sample preparation see Arp et al., 1999). The ultrathin 
sections were examined at a .leol 100 B transmission elec- 
tron microscope at 80 kV at the Max-Planck-lnstitute for 
Biophysical Chemistry, G6ttingen. 
Electrical conductivity (EC), temperature, pH, and redox 
potential of water samples were measured in the field. For 
each samplings site a diurnal cycle (9.00 a.m. to 18.00 p.m.) 
of water temperature, oxygen, redox potential, conductivity 
and pH were recorded for each season in 1997. Temperature 



Fig. 1. Geographic situation of the hurdwater creek Deinschwanger Bach al Ihe wcslerll margin o1 Ihe I;rmlcorlian AIb. Bavari-t. Insert 
shows tile location of tile sampling sites ahmg lhe creek. Site I denotes the main spring, site 2 is a small lula cascade ill tile soulhcrll side 
of the valley, site 3 and 4 denote Ihc middle and Imver creek parts. 

compensated conductivity/(20 ~ was determined with a 
LF 323 instrument (WTW Co.). Rcdox potential and pll  
were measured with a 1II 9025 pl l -mcter  (Hanna Instr.) 
equipped with pH combination electrodes (Ross), respec- 
tively. Standardization of pH-measurcments  was made 
against NBS buffers ptl 7.413 (at 25 ~'C) :.tnd 0. IN() (;:it 
25 ~ Total alkalinity was analysed in the field usine, a 
hand-held titrator and 1.6 n sulfuric acid cartridges (1 laeh 
Co.). Dissolved oxygen was determined according 1o the 
Winkler method employing the same titration instrument 
and 0.2 n sodium thiosulfatc cartridges. For the analysis of 
main cations, samples wcrc filtered through ghtss fibre 
filters (Whatman GF/F, nonlinal pore size 0.7 H,m) and 
preserved with HNO 3. In the laboratory cations (calcium, 
magnesium) were analysed by flame atomic absorplion 
(Philips PU 9200X). Parameters of the carbonate system, 
partial pressure of C.O 2 (p(:Oe) and the saturation with 
respect to calcite and aragonitc, v,,crc calculated with tilt 
program PHREEQE (Parkhurst et al., 1090). Saturation is 
given by the saturation index SI = log (IAP/Ksr (Stumm & 
Morgan, 1996)where lAP denotes the ion activity product 
and Ks{ ) is the solubility product of the corresponding 
mineral (solid phase). 

Stable isotope analysis ot: oxygen of II ,O and carbon td 
dissolved inorganic carbon have bccn carried out by 13crt 
Kers in the laboratory of Dr. lr. 1 tans v;m dcr Plicht. ( 'entrum 
voor lsotopen Onderzock, University of Groningcn, |he 
Netherlands. Samples of water were taken using 151) ml 
Schott glas bottles (12.06.1999). Prior to sampling, 2-3 
drops HgCI 2 solution were added to the bottles for steriliza- 
tion. Sample water was gently filled in to avoid dcgassing 
and gas bubble formation. After hermetically scaling, the 

bottles \vcrc kccp cool in the dark and sent to the ( 'entrum 
voor Isolopcn Ondcrzock (;roningcn on 15.06.1999. Stable 
oxygen and carbon isotope analysis ol: tufa carbonates were 
measured by f)r. Michael ,loachimski. hlstitutc of Geology,  
Univcrsily of 1-rlangem ( ;c rman\ .  

4 WATER CHEMISTRY ALONG TttE CREEK 

Watcrchcmistry data Dora samplingcampaigns in March 
1997 and June I q99 are provided in Tab. 2. l h e  main spring 
waters discharge with an pl I o[ 7.2 - 7.4 and Ca -'+ conccntra- 

-_.t ,_. n.mol I . .  The water is slighlly undcrsatu- t i o n s o f l . 9 l  -~ )~ a 
rated with respect to calcite cud has a very high pC(),  (896~- 
] 2903 btatm) as it ix expected for karst spring waters. Waters 
at the tufa cascade shnw a plt  o[ 7.6 - 7 . 7 . l h c  Ca:* concen- 
trations of its small spring are higher than at the main spring. 
The water of the cascltdc is alrc;.tdy slightly calcite super- 
saturated but still high in p( :O e (3428 - 4211 !tetra). Ongoing 
(:02 dcgassing catlscs a ptt rise by O. I unils after spilling 
over the cascade. 'File pl I of 8.3 -N.4 at the middle creek 
section is considerably higilcr than at the main spring and 
cascade. (Ta e' (2.15 - 2.44 mmol 1. 1) is higher than that of the 
main spring but h)wcr compared to cascade spring waters. 
Calcite supersaturation is risen to It) to l [ faid (Sit.c= 1.00 
- l.()t)) and pCO: dropped to 698-1043 t t a t m ,  that ix two to 
three times of the atmospheric level, l ,owcr crock waters arc 
characlerizcd by a pl I, Ca:' + concentration, pC() 2, and calcite 
supersaturation similar to that of the middle creek ,,cotton. 
The waters differ from middle crock waters only willl regard 
to higher temperatures during summer. 

In summary, t)1-1 rises by drop in p ( 'O ,  along the creek, 
thereby rising the calcite supersaturation to values favoul-ablc 



for CaCO 3 precipitation. Alkalinity slightly declines due to 
calcite precipitation. Though pCO 2 considerably drops, it 
does not reach an equilibrium with the atmosphere and 
remains two times higher than the atmospheric level of 330 
~tatm. Ca 2+ and Mg 2+ concentrations fluctuate along the 
creek because of several side springs that contribute to the 
main creek waters. Whereas most physicochemical param- 
eters are almost constant throughout the year, a temperature 
rise along the creek is only evident during summer times 
(Wedemeyer, 1999). 

5 CYANOBACTERIAL MORPHOTYPES 
INVOLVED IN TUFA BIOFILMS 

Nine cyanobacterial morphotypes dominate the cyano- 
bacterial biofilms in the Deinschwanger Bach. Further de- 
scriptions of microorganisms present in the Deinschwanger 
Bach are provided by Wedemeyer (1999). 

Phormidium incrustatum (N;'i(;.) GoM. This morphotype 
is commonly described from European tufa biofilms (e.g., 
Fritsch, 1949, 1950; Symoens, 1957; Kann, 1973, Monty, 
1976; Freytet & Pier, 1996; Frcytet & Verrecchia, 1998; 
Janssen et al., 1999; Merz-PreiB & Riding, 1999). Phormi- 
dium incrustatum is a major element of biofilms that form 
stromatolitic crusts below the tufa cascade (P1.2/7) and at the 
middle and lower creek section of the Deinschwanger Bach 
(PI. 3/5-6, 4/4-7, 6/1-3). The trichomes are straight, up to 800 
~tm long, and show a gliding motility on agar platcs. The 
trichome diameter varies between 3.5 gm and 5 gm at the 
different sites. Few, single filaments of slightly larger diam- 
eter (7 ~tm) have been observed at the lower creek section. 
The cells are disc-shaped and 1.5-2.5 gm long and the cell 
walls are inserted laterally. Somc filaments have been ob- 
served that show a lower frcqt, ency in cell division, so that 
the cells appear almost isometric. The apical cell is flat- 
hemispherical and rounded (Pl. 6/2). No constrictions have 
been observed, but concave-convex cell boundaries often 
occur (PI. 6/2). The cytoplasm shows abundant inclusions 
(see Jensen, 1985) such as polyhedral bodies, cyanophycin 
granules and polyphosphate bodies (PI. 2/8), occasionally 
concentrated at the cell boundaries. The peripheral parts of 
the cytoplasm are dark-green due to accumulation of thyla- 
koids. The sheath of Phormidium incrustatum is firm, 
lamellated, and (].6-0.7 ~.tm thin (PI. 2/8). Phormidium 
incrustatum commonly shows tufts composed of radiating 
erect filaments (Ph. incrustatum c~) or densely arranged 
erect filaments in parallel (Ph. incrusmtum [~) (see e.g., 
Freytet & Plet, 1996). 

Similar or identical morphotypes, in particular when 
showing disc-shaped cells and a distinct sheath, are occa- 
sionally assigned to Lyngbya martensiana Menegh. (e.g., 
Stirn, 1964; Scharfenberg, 1994) or Lyngbya sp. (Persoh, 
1998). Lyngbya calcurea (Tilden) Symoens is regarded by 
Symoens (1947) as identical to Lynghya martensiana 
Menegh. var. carcarea Tilden. Later, he considered Lyngbya 
calcarea to be Pholvnidium incrustatum (Symoens, 1957: 
236). Lyngbya digueti Gore. in Stirn (1964) might represent 
a variety of Phormidium incrustatum with isometric cells. 
Pentecost in Merz-PrciB & Riding (1999) termed the domi- 

nant species of tufa biofilms in creeks near Bad Urach 
Phormidium (Lyngbya) incrusmtum. However, it remains 
unclear if all these populations of Phormidium incrustatum 
belong to one phylogenetic species because analysis of 16S 
rRNA genes have yet not been carried out. 

Phorvnidiumfoveolarum Gom. Erect filament bundles of 
this morphotype form dense, calcifying meadows at the top 
of tufa crusts taken in late summer and autumn (P1.5/1-5). 
The trichomes are straight to slightly curved and up to 70 ~tm 
long. The filaments are erect, more or less parallel, often 
arranged in a brush-like pattern. The trichome diameter 
varies between 1.3 and 1.5 ~tm. The cells are as long as wide 
(isometric) and cell boundaries slightly constricted (P1.5/5). 
Wherever the filaments are free of carbonate, a firm sheath 
less than 0.5 ~m thin can be recognized around each tri- 
chome. Comparable morphotypes have been asigned to 
Phormidium foveolarum Gore. (e.g., Scharfenberg, 1994; 
Freytet & Verrecchia, 1998), which is similar to the present 
morphotype with regard to its filament diameter, cell shape, 
and filament arrangement. Janssen et al. (1999) describe 
Phormidium foveolarum together with Phormidium 
incrustatum to be a major component in tufa biofilms from 
Belgium. 

Short, erect filaments 5 to 16 cells long, which occur in 
uppermost parts of tufa crusts at the tufa cascade (P1.2/5) and 
the middle creek section possibly also belong to the 
morphospecies Phormidium foveolarum. The filaments are 
5-10 ~tm long, 1.5 ~tm in diameter, and are apparently 
attached at their basis to the substrate. The cells are isometric 
or slightly shorter than long. The cell boundaries are clearly 
constricted. The sheath is thin and only faintly visible. 

Pleurocapsa minor" Hansgirg. This morphotype is a 
common part of epilithic biofilms at the main spring of the 
Deinschwanger Bach (P1.1/2-3). It has also been found on 
artificial substrates that were placed only partly submerged. 
Pleurocapsa minor is composed of vertical rows of spherical 
to elongated cells forming a nematoparenchymatous thallus. 
The hemispherical to sheet-like colonies attain 130 ~tm 
thickness and several 100 ~tm lateral extension. The cell size 
ranges from 3x5 to 1 x l 1 ~am. Cell division occurs in several 
oblique planes and leads to false branching. The cells are 
separated by up to several ~tm wide spaces that are filled by 
a faintly visible exopolymer matrix (sheath). Cells at the top 
of the colonies often show the formation of 1-~m-sized 
nanocytes. Pleurocapsa minor is a common epilithic 
cyanobacterium in tufa-depositing creeks, rivers, and ponds 
(e.g., Geitler, 1932; Grfiningcr, 1965; Scharfenberg, 1994; 
Winsborough et al., 1994; Freytet & Plet, 1996; Freytet & 
Verrecchia, 1998). The morphotype is probably a collective 
"species" (Geitler, 1932). 

Chamaesiphon subglobosus (Rostaf.) Lemmermann. 
Unicellular cyanobacteria that reproduce by unequal, per- 
pendicular division, were recognized at the surface of sparitic 
encrustation of moss cauloids at thc tufa cascade (PI. 2/5). 
Initially, the cells are spherical and 1.5 ~tm to 2.5 ~m in 
diametcr. Epifluorescence microscopy reveals a strongly 
fluorescent peripheral cytoplasm and a less fluorescent, 
irregular centroplasm. When attached to a tufa crust surface, 
the initially spherical cells get elongated to form ovoid cells 
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Sample 

SampJi~g period March 1997 

cascade 
creek sta|.~on 1 
creek station 2 

Sampling period &me !999 

cascade 

T pH EC Eh Oz I"ot AIk ........ Ca Mg Sb,, S ic . :  pCO;~" 
"C pS cm ~ rnV mmo! L" rneq L' rnmol L -"mmol L ~ patm 

88  721 525 280 0.234 4.42 2.02 106 -033 -0.t7 12903 
7.3 7.60 480 180 0.281 3.70 2.77 0.15 0.20 0.36 3426 
8.3 &44 502 150 0,293 4.22 2.44 0_5Y 0.91 1.06 698 
7.7 6.44 500 I40 0.344 4.21 2.39 0.57 0.89 1.04 7t2 

8.8 7.41 546 4.86 1.91 1 20 -0. I0 0.06 8968 
8.2 7 71 5(32 4.60 2.94 014 0.36 051 42111 

.cr~e, ek_sta~p,~.,..!,._ ...................................................... 9.6..~,,~,8:.32 ............. 5.3.:} .......................... 4.72 2. i5 0_84 084 1.00 i043 
creek station 2 10.4 8.43 53~ 4.54 2.05 0.82 0.92 1.08 778 

Tab. 2. Water chemistry data of spring and creek water of the Dcinschwanger Bach. EC: electrical conductivity. Saturation index SI is 
given on logarithmic scale, which means saturation is reached at S1 = 0, and Sl = 1 denotes a 10-fold supersaturation (W). Ar: Aragonite, 
Cc: Calcite. 

1.9 x 2.6 gm to 3.7 x 6.2 am in size. Each of these 
"sporangia" releases a single exocytc of 1.5 p.m diameter at 
its apical pole (P1. 2/5). Chamaesiphon is attached to the 
substratum by a thin sheath, which is open at its apical side. 
The present species morphologically fits to Chamaesiphon 
subglobosus as described in Geitler (1932:428 f.). Spherical 
to ovoid cells of the same size and internal structure also 
occur within pore spaces of tufa crust at the cascade and at 
the middle creek section (PI. 2/6, 3/7). They are considered 
to represent a different ecomorphotype of the same 
Chamaesiphon species. Located within the subsurface voids 
of the crests, these cells show an elongation which is 
followed by a simple binary fission. 

Aphanocapsa sp. Coccoid cyanobacteria which form 
loose aggregates of up to more than 50 ceils have been 
observed in voids of sparitic moss encrustations at the 
investigated small tufa cascade (P1. 2/6). The cells are 
spherical (1.2 gm diameter) to slightly ovoid (1.2 x 2.1 ~tm) 
and show a binary fission. No defined arrangement of cells 
occurs due to irregularly oriented fission planes. The cells 

and their diffluent sheaths remain uncalcified. A morpho- 
logically comparative species is Aphanocapsa endolithica 
Ercegovic, which might be endolithic or chasmolithic (see 
Geitler, 1932: 155). 

Hyellafontana Huber & Jadin. Endolithic cyanobacteria 
of the Hyella morphotype are present at almost all sub- 
merged or temporarily submerged limestone substratcs (P1. 
1/4-5, 3/8, 4/3). Strikingly, they also occur within presently 
growing tufa crusts, thereby contributing to the high poros- 
ity (P1.5/1-2). Hyella colonies on dense, fossil limestones 
show a near-surface part composed of 10-20 coccoid cells 
(often "status chroococcoides"). The cells of this part are 1- 
8 Hm in diameter and show a multiple fission pattern. 
Downwards penetrating pseudofilaments are bi- or triserial 
at first, uniserial at the distal tips. The cell diameter averages 
4 gin. Branches develop from protuberances near the end of 
the elongated cells so that the cells appear L-shaped. Hyella 
borings reach up to 230 gm deep into the substrates. Hyella 
specimen within tufa crusts are less regular developed and 
show radial developed pseudofilaments. Hyella fimtana 
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Fig. I. 

Fig. 2. 

Fig. 3. 

Fig. 4. 

Fig. 5. 

Fig. 6. 

Fig. 7. 

Corrosive biofilms of tile main spring of the Deinschwanger Bach, Bavaria. 

Field view of the main spring (site 1). Arrow points to limestone cobbles covered by greenish-grey biofilms 
shown in PI. 1/2-3. November 1996. 
Coccoid cyanobacteria (Pleurocapsa minor; pleu)' and filamentous green algae (Gongrosira sp.; gongr) 
are the main components of epilith ic biofilms on limestone cobbles at the main spring of the Deinschwanger 
Bach (sitc 1). Summer (22.07.1996). Epifluorcscence micrograph (ex 450-490 nm, em 520-575 nm). 
Sample RT 96/II-5A. 
Overview of epilithic and endolithic biofihn parts on a limestone cobble at the main spring. Epilithic parts 
are mainly formed by Pleurocapsa minor (pleu) and Gongrosira sp. (gongr). Straight vertical borings 
(arrow) substantially corrode the substratc rock. No calcitc precipitates form within the undersaturated 
spring water. Main spring of Deinschwanger Bach (site 1). Summer (22.07.1996). Overlay of Nomarski 
optics and cpifluoresccnce micrograph (ex 450-490 nm, cm 520-575 nm). Sample RT 96/II-5A. 
Top of substrate plate (Solnhofen limestonc) placed at the main spring of the Deinschwanger Bach (site 
1) for 10 months. Autunm (30.09.1997). Plane polarized light. Sample RT 97/II-K. 
Epifluorescence micrograph of the frame shown in PI. 1/4. The top of the limestone substrate is strongly 
affected by the endolithic cyanobacterium ttyella Jbntana. Projection of 33 confocal laser scanning 
micrographs (ex 488 nm, cm >505 rim, pinhole 99 ,um). 
Bottom of an artificial substrate (Solnhofcn limestone) placed for 10 months at the main spring of the 
Deinschwanger Bach (site 1). Autumn (30.09.1997). Plane polarized light. Sample RT 97/II-K. 
Epifluorescence micrograph of the same view shown in PI. 1/6. Straight borings of the endolithic 
cyanobacterium 1 perforate the limestone. Epifluorescence micrograph (ex 450-490 rim, em 520-575 nm). 
For scale see Pl. 1/6. 
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Huber & Jadin (see Geitler, 1932:372 f.), which is known to 
occur in tufa systems (e.g.. Freytet & Verrecchia, 1998). 
closely fits to this description. Similar morphotypes have 
also been assigned to PleurocaFsa mim)r (e.g., Rott, 1994). 

Endolithic cyanobacterium 1. The straight borings of 
endolithic filatnents poor in characteristics occur on the 
lower side of limestone subs(rates t Pl. I/6-7 ). The trichomes 
are 3 .urn in diameter. Two observations of possible false 
branching have been tnade. The cells are 3 - 6 btm long and 
show onc to three non-fluorescent inclusions. 

Endolithic cyanobacterium 2: The trichomes are 1.3 - 
1.7 um in diameter. The cells are isometric, 2-6 btm long. 
The cell boundaries are not constricted. The borings attain 
up to 225 btm depth. The present endolithic filamentous 
cyanobacterium occurs on shaded undersides of limestone 
subs(rates, which commonly tack Hvella. The same fila- 
ments that occur on the upper side of limestone substrates 
together with tlvella are in'egularly curved. 

Endolithic cyanobacteriunl 3. Cyanobacterial borings 
similar to the endolithic cyanobacterium 2, but of slightly 
slnalle,- diameter (1.2 btm), have been found to corrode 
microspar crusts at the tufa cascade (PI. 2/5). The cells are 2- 
5 ,urn long and slightly constricted at their cell walls. Occa- 
sionally, false branching occurs. Marginal parts of the cell 
plasma are strongly fluorescent (thylakoids). whereas the 

centroplasm is far less fluorescent. Because of structural 
differences of the cytoplasm, the endolithic cyanobacterium 
3 is considered as a separate species. A morphologically 
comparable species is Schizothrix pe@)rans (Ercegovic) 
Geitler. which is of the same dimensions, endolithic, and 
shows constrictions at its cell boundaries. According to the 
recent traditional-botanic revision Schizothrir pe@:rans 
(Ercegovic) Geitler is placed in the new genus Lel)tolyngbya 
(Anagnostidis & Komfirek, 1988). 

6 COMPOSITION, STRUCTURE, 
AND CALCIFICATION PATTERNS OF BIOFILMS 

6.1 Main spring 

Rounded and subangular limestone cobbles at the main 
spring of the Deinschwanger reeks are veneered by green- 
ish-grey biofihns (PI. I/1 ). Dark-green covered projections 
consist of the sttbstrate limestone and probably represent 
dissolution remnants. No CaCO:~ precipitates have been 
observed. 

Biofillns consist olan endolithic and a thin epilithic part 
(P1. 1/2-3). The t, ppermost 100 btm of the limestone cobbles 
are intersected by a dense netwox'k of endolithic filaments. 
Hvella with pseudofihunents up to 100 btm length is the 
dominant endolith in most places. In addition, some places 
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Fig. 1. 

Fig. 2. 

Fig. 3. 

Fig. 4. 

Fig. 5. 

Fig. 6. 

Fig. 7. 

Fig. 8. 

Fig. 9. 

Biofilms and CaCO~ precipitates of the tufa cascade, Deinschwanger Bach, Bavaria. 

Field view of the small tufa cascade at the southern side of the Rohrenstadt Valley, June 1999. The green 
bryophyte cushions ((__'rolerolleuFoll COIllllltllaltttll) are calcite-entrusted at their water-soaked base. 
Arrow indicates position of sample shown in P1.2/2 and Pl. 2/3. The photo covers an area approximately 
5 m wide. 
Longitudinal section of a moss cauloid taken from the small tufa cascade shown in Pl. 2/1. The bryophyte 
surfaces are covered by euhedral rhombs of calcite. Spring (01.05. 1996), tufa cascade (site 2), Rohrenstadt 
Valley. Transmitted light. Sample RT 96/III-F. 
Detail of euhedral rhombs growing upon phy I loids of a bryophyte. Note that the phylloid surfaces are free 
of biofilms. Spring (01.05.1996), tufa cascade (site 2), Rohrenstadt Valley. Nomarski optics. Sample RT 
96/III-F. 
Fruiting body of a ascotnycete fungus growing on a wood substrate that has been placed for 10 month in 
front of the cascade. Note microspar crystals and tiny micrite crystals that have fomled at the surface of 
the fungus (insert). Autumn (30.09.1997). tufa cascade (site 2), Rohrenstadt Valley. Nomarski optics. 
Sample RT 97/i11-H. 
Epilithic biofihn of Chamaesil)hon subglol)osus (chamae; note exocyte formation) and short filarnentous 
cyanobacteria (sfc). The numerous filaments below are of endolithic origin (endolithic cyanobacterium 
3: endo). Spring (12.06.1999), tufa cascade (site 2), Rohrenstadt Valley. Deconvolved epifluorescence 
micrograph (ex 450-490 nln. em 520475 nm). Sample RT 99/G-b. 
Colonies of the coccoid cyanobacterium Al~hanocap.sa sp. (aphano) in voids between spar crystals of moss 
encrustations at the tufa cascade. Cells of Chamaesil)hon subgloho.sus (chalnae) are also present, but do 
not produce exocytes within the void. Spring (12.06.1999), tufa cascade (site 2), Rohrenstadt Valley. 
Dcconvolved epifluorescence micrograph (ex 450-490 nm, etn 520-575 nm). Sample RT 99/G-b. 
Stromalolitic tufa crusts 5 in downstream of the cascade consist of microsparitic tubes of Phormidium 
i/icru.rtatum. Spring (12.06.1999), below tufa cascade (site 2), Rohrenstadt Valley. Overlay of translnitted 
light and epifluorescence micrograph (ex 450-490 nm, em 520-575 nm). Sample RT 99/G-c. 
Longitudinal section of the cyanobacterium Phormidium incru.s'tatum showing filamentous microorgan- 
isms within the sheath-surrounding exopolymer matrix. Cyanobacterial cell inclusions comprise thylacoid 
membranes, dark polyhedral bodies (carboxysomes: cb), and light polyphosphate bodies (pp). Note 
lamellate structure of the sheath (sh). Autumn (30.09.1997). TEM micrograph #6769. Sample RT97/Vb. 
Decayed trichome of Phormidium incrustalum, internally colonized by numerous filamentous and rod- 
shaped heterotrophic bacteria. Autunm (30.09. 1997), TEM micrograph #6766. Sample RT97/Vb. 
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show dense vertical borings of 100 .urn depth (occasionall) 
up to 1.2 mm depth ) that represent borings of the green alga 
Gon,o, ro.siro (PI. 1/3). Numerous thin. irregularly arranged 
filalnenis of the endolithic cyanobacteria 1 and 2 occur, too. 
Cell-walls of green algae and cyanobacterial sheaths are 
often dark-brown pigmented (P1. 1/3). The epiliihic part of 
the biofilm is 50-I20 btm thick and only patchy developed. 
It consists nlainlv of the green alga Go, grosiro anct the 
coccoid cyanobacterium Plel,'oceq~.~o n~inor, which forms a 
cushion-like to contirulous layer (Pl. 1/2-3). Locally. thin 
erect cyanobacterial filaments ( 1.5 btlll diameter, cells up to 
10 Bm long) occur as well. 

The Solnhofen limestone plate placed at the spring 
shows on its upper side a similar biofilm with intensively 
developed endolithic borings (tlyello and thin borings of the 
endolithic cyanobacteria 1 and 2) (PI. 1/4-5). The epilithic 
part is only poorly developed, consisting of scattered, small 
Pleztrocapsa colonies. The lower, shaded substrate side 
lacks Hvella but is affected by straight borings of the 
endolithic cyanobacteria 1 (Pl. 1/6-7). 

6.2 Tufa cascade 

Samples have been taken immediately at the beginning 
of  the cascade, at central parts of the cascade (P1.2/2). and 
at the stee l ) flow-off 5 m downstream of the cascade. 
Unfortunately, it was not possible to place artificial sub- 
strates properly at the cascade itself. Instead. the substlates 
were placed immediately in front of the cascade, though only 
insufficiently submerged in the water flow. The Solnhofen 
limestone substrate was affected by, endolithic biofilms 
similar to that of the main spring, whereas the wood substrate 

wa~, colonized by ascomvcete fungi IPI. 2/4). Strikingly, 
some hyl)idiolnorphic and idiomorphic calcite crystals were 
observed attached to the fruiting bodies. 

At the beginning o[the cascade, moss cauloi&, (Crater- 
/*utHtl/l*) are covered by 275-500 btm thick sparitic crusts 
composed of hypidiomorphic crystals 20-100 btm in size. 
These crusts are superficiall 3 heavily colonized by small 
diatoms (_~" x 8 um in slze), green aleae.~ cyanobacteria, and 
mm-pholotrophic bacteria. The spar crystals are densely 
intersected by filaments of the endolithic cyanobacterium 3 
(PI. 2/5). Voids between the crystals show patches of coc- 
cold cyanobacteria (Al~llalu)cap.scl, Chamaesil)hon) and rod- 
shaped bacteria, whereas the crust surface is colonized by 
diatoms, green algae, Chamae.vil~hon (Pl. 2/5), short fila- 
mentous cyanobacteria, and rare Pl~or/,idiz~,, i~urt~statzm~. 
All microorganisms remain uncalcified. 

Moss cushions within the spilling water of the cascade 
(PI. 2/I ) are almost fl'ee of extensive biofihns. Only scattered 
filamentous cyanobacteria (PhoJwliditrm sp.). coccoid non- 
phototrophic bacteria, and fungal hyphae have been found 
attached to the moss phylloids. Middle and lower parts of 
moss phylloids are moderately to heavily calcite veneered 
(Pl. 2/2). The thickness of these encrustalion locally exceeds 
250 Bin. The precipitated calcite is exclusively formed by 
euhedral rhombs directly attached to the moss cauloid cu- 
ticle (Pl. 2/3), which is devoid of light-optically detectable 
bacteria. The rhombs attain 10 to 70 btm in size. 
Hypidiomorphic crystals have only been found at the very 
.'are places of epiphytic microorganisms. Only at the lower 
part of the tufa cascade biofilms cover the spar-encrusted 
moss cauloids. Cho,ioe.ril~hoJ, sp., Al~h~lnOCalxra sp. and 
thin filamentous cyanobacteria are abundant, but remain 
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Fig. 1. 

Fig. 2. 

Fig. 3. 

Fig. 4. 

Fig. 5. 

Fig. 6. 

Fig. 7. 

Fig. 8. 

Biofihns and CaCO.~ precipitates of tile middle creek site, Deinschwanger Bach, Bavaria. 

Field view of  the middle creek site showing a barrier covered by weakly calcified, submerged bryophytes 
(Rhynch.s'te:,,iHm ril.larioides). Arrow points to site of sample shown in PI. 3/2-4. Middle creek site (site 3). 
Deinschwanger Bach, March 1997. The photo covers an area approximately 5 m wide. 
Oblique section of a moss cauloid showing irregular, microsparitic calcite encrustation. Winter (01.03.1997). 
middle creek site (site 3), Deinschwanger Bach. Nomarski optics. Sample RT 97/IV-20A. 
Detail from P1.3/2 showing microspar upon a moss phylloid. Middle creek site (site 3), Deinschwanger 
Bach. Nomarski optics. 
Same view as in PI. 3/3. Epifluorescence reveals numerous filamentous cyanobacteria and diatoms 
(arrows) at and within the irregular microspar crust. Epifluorescence micrograph (ex 450-490 nm, em 520- 
575 rim). For scale see PI. 3/3. 
Recent carbonate crust upon subfossil tufa cobble shows tufts of  carbonate tubes, which formed externally 
upon the sheaths ofPhorntidiztm i~zc'r,,vtatu/,7. Spring (12.06.1999), middle creek site (site 3), Deinschwanger 
Bach. Translnilted light. Sample RT 99/B-b. 
Same view as in P1. 3/5 to show t.he living trichomes of Phormidittm incrtl.s'tatztm. Epifluorescence 
micrograph (ex 450-490 nm, em 520-575 nm). 
Large rod-shaped cells of  the coccoid cyanobacterium Chomoesit)hol~ szd)g, lol)o,sus. Within voids of  tufa 
crusts Chamaesiphorz does not form exocytes and divides by a simple binary fission. Spring (12.06.1999), 
middle creek site (site 3), Deinschwanger Bach. Deconvolved epifluorescencc micrograph (ex 450-490 
nm, em 520-575 nm). Sample RT 99/B-b. 
The contact of recent tufa crusts to subfossil carbonates is marked by a layer of  the endolithic 
cyanobacterit, m Hyella (by). Note filaments of the green alga Gongrosira (gongr) and the cyanobacterium 
Phormidit~m inc'rust~ltum (Ph. incr) in the newly formed crust. Spring (12.06.1996), middle creek site (site 
3), Deinschwanger Bach. Epifluorescence micl'ograpla (ex 450-490 nm, em 520-575 roll). Sample RT 99/ 
B-b. 



P l a t e  3 I I  



I 2 

uncalcified (PI. 2/5). Numerous borings of ~he endolithic 
cyanobacterit, m 3 perforate the spar crystals covering the 
moss cauloids IPI. 2/5 ). 

Blue-green coloured tufa crusts of the moss-free flow- 
off below the cascade are stromatolitic. The lamination is 
caused by an alte,-nation in porosity of the microspar frame- 
work. Light laminae are 70-500 btm thick and show' many 
voids and pores between the 5-10 um sized crystals, whereas 
the 100-150 btm thick dark laminae show densely arranged 
microspar crystals of the same size. The biofilm community 
is dominated by erect filaments of Plwrmidium incru.s'tatum 
(PI. 2/7), which are externally mineralized by microspar, 
thereby forming major parts of light and dark laminae. The 
primary formed microspar fl'amework is subsequently per- 
forated by the endolithic cyanobacterium 3, which occur 
from top of the crusts to at least 500 bun depth. Porosity of 
the dark laminae is thereby increased so that the lamination 
locally gets less clear and faint (P1.2/7). Filamentous micro- 
organisms occur within the nmcilaginous matrix of the 
biofihn (P1.2/8), whereas rod-shaped heterotrophic bacteria 
rapidly colonize the interior of cyanobacterial trichomes 
upon their death (PI. 2/9). 

6.3 Middle  creek sect ion 

The submerged, traili ng moss cauloids (R/w whostegium) 
of the small barrier in the creek (Pl. 3/1) are slightly' to 
moderately calcite entrusted at their basis (P1. 3/2). In 
contrast to mosses of the cascade ttLfa, grey-greenish bio- 
films are well developed. Encrustations are formed by 
micrite and hypidiomorphic spar crystals. The up to 200 btlI~ 

thick CaCO 3 encrustations are discontinuous and often 
enclose filaments of PhormMium incrtt.watum, coccoid cy- 
anobacteria, and pennate diatoms (P1.3/3-4). At places of 
abundant diatoms, the moss surfaces remain almost fl'ee of 
precipitates. 

Dark-green crusts on subfossil tula cobbles occur i~1 
front of the creek barrier. The present encrustation is 1.5 - 3 
mm thick and constructed by erect bushes of inicrospar tubes 
(PI. 3/5) which result from externally mineral ized 
Ptu;rmidium incrustatum filaments (PI. 3/6). Accessory 
elements are the green alga Gonwosira (PL. 3/8), small 
diatoms, and patchy colonies of Chamaeso~hon (P1. 3/7). 
The light-dark lamination again reflects changes in porosity 
of the microspar framework at constant crystal sizes. The 
basal contact to the subfossil tufa substrate is marked by a 
layer of the endolithic Hyella (P1. 3/8). Further, the endo- 
lithic cyanobacterium 3 con'odes the subfossil tufa in places 
where Hyella is rare or absent. 

6.4 Lower  creek sect ion 

Most extensive carbonate encrustations of recent age 
have been found at the sun-exposed lower creek section (PL. 
4/1). Submerged, trailing mosses (Rhynchostegium) and 
limestone cobbles within the creek are continuously covered 
by up to 5 mm thick tufa crusts (PI. 4/2). Only the uppermost, 
g,'een tips of the moss cauloids remain essentially free oi  
CaCO 3. Filamentous green algal tufts (Cladol)hora) are 
veneered by thin microspar crusts and organic detritus, but 
do not form rigid, permanent deposits. Further, artificial 
substrates (limestone, polystyrene, wood, i,on) placed in the 
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Biofilms and CaCO~ precipitates of  the lower creek site, Deinschwanger Bach, Bavaria. 

Field view of  sampling site 4 at the lower creek section, March 1997. Arrow indicates the place of  
sampling. 
Oblique section of a tufa-encrnsted moss cauloid (M). Atrows point to carbonate tubes that have formed 
around Pltormidium incru.statum filaments. Autumn ( 22. I 1.1996), lower creek section (site 4), Deinschwanger 
Bach. Transmitted light. Sample RT 96/1-10. 
Surface of  an Oxfodian limestone cobble bored by the endolithic cyanobacterium l-lyella.fbntana at the 
basis of  a tufa biofilm crt, st. The following tufa crust starts with a porous microspar crust (spring layer) 
with small diatoms, non-phototrophic bacteria and empty Phormidium sheaths. Late spring ( 12.06.1999), 
lower creek section (site 4), Deinschwanger Bach. Epifluorescence micrograph (ex 450-490 nm, em 520- 
575 nm). Sample RT 99/F. 
Surface part of a tufa biofihn crust sampled in late spring (12.06.1999). This porous layer shows upwards 
growing and tangeled Phormidium incrustatttm l'ilaments. Lower creek section (site 4), Deinschwanger 
Bach. Epifluorescence micrograph (ex 450-490 nm, em 520-575 nm). Sample RT 99/F. 
Same view as in PI. 4/4 showing loosely distributed microspar aggregates between the Phormidium 
incru.vlotum filaments. Crossed Nicols. For scale see PI. 4/4. 
Surface part of a tufa biofilm crust sampled in summer (22.07. 1996). The biofilm top shows bush-like 
arrays of erect Phormidium incrustatttm filaments, accompanied by Ph.,[bveohtrttm. Lower creek section 
(site 4), Deinschwanger Bach. Epifluorescence micrograph (ex 450-490 ran, em 520-575 nm). Sample 
RT96/I- 1. 
Same view as in PI. 4/6 showing dark, micritic encrustations of  the bush-like filament arrays of 
Phormidium incruslatttm. Lower creek section (site 4), Deinschwanger Bach. Nomarski optics. 
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creek were covered by up to 1.5 mm thick tufa crusts within 
10 months (22. I 1.96 - 30.09.97 I. Dominating m icroorgan- 
isnls are the cyanobacleria Pl~ormidium i l l~ ' l ' l l .V l ( l t t t l t l ,  
Phormidiumjbveolarzmz, HyellaJbl~taml, and small pennate 
diatoms. 

When developed on limestone substrates (Jurassic lime- 
stone cobbles, subfossil tufa, artifically introduced Solnhofen 
limestone) the tufa crust biofihns exhibit a basal endolithic 
zone (PI. 4/3). The endolithic zone is largely formed by the 
cyanobacterium Hvella and additional thin borings of tm- 
know'n origin. The borings are up to I00 btln deep. Though 
Hvella is most abundant at the crust base, it occurs th,-ough- 
out the tufa crust and contributes to the maintenance of high 
porosity of the constructive crust parts (PI. 5/1-2 ). 

The tk)llowing tufa crust is characterized by up to 3 
alternations of porous microsparitic layers and lnore dense 
micritic layers as a result of seasonal changes in biofilm 
composition and structure. However, small-scale lateral 
variations in biofilna composition and structure complicate 
the picture and continuous layers are rather the exception. 

Samples taken in spring (01.05.1996- 12.06.1997) show 
the development of bush-like arrays of erect Phormidium 
incrustatum filalnents ("Ph. incrustatum ~") (PI. 4/4), 
acconapagnied by less abundant Phormidium Iloveolarttm. 
The intensity of calcification varies laterally and vertically. 
Locally, only scattered hypidiomorphic microspar crystals 
and crystal aggregates of 5-30 btm size forming a loose, 
irregular, highly porotls fabric (Pl. 4/4-5) between the radi- 
ating filaments. At other places, radiating filaments are 
externally completely covered by microspar to form calci- 

fled tufts. In general, microspa, precipitates and tubular 
encrustations increase towards the top. Occasionaly, the 
layer also shows internal rhythms of intensity in calcifica- 
lion. Pore spaces are cohmized hy abundant small diatoms 
(higher parts), cyanobacterial filaments (Ph. imru.vtattmt. 
often empty sheaths), and non-phototrophic bacteria (in- 
creasingly abundant towards the base) (Pl. 5/1-2). In addi- 
tion, the lowermost parts are occasionally disrupted by semi- 
tubular lnoulds of  insect larvae, which have been observed 
in several sections. In samples of June the erect Pllormidium 
filaments of the biofilm top are ah'eady arranged more and 
more parallel ("Ph. im'rustatum [Y') forming a dense meadow, 
but still with only scattered anhedral microspar. 

Samples taken in summer (22.07.1996) show a similar 
situation as in June. A meadow of parallel erect Ph. in- 
crustatum and Ph.,/oveolarum filaments forms the top layer. 
Only h)cally radiating filament bushes of Ph. incrustatum 
are still abundant (Pl. 4/6). However, calcite precipitates 
now form micritic encrustations around Ph. iHcru.Ylalttm 
filaments (Pl. 4/7). The fabric may still be porous as depen- 
dent on the density of the filament arrangement. Well 
illuminated places dominated by Ph. foveolarum filaments 
are entrusted by dense micrite with a vertical fibrous appear- 
ance reflecting the erect, densely arranged filaments. 

Samples taken in autumn (22.11. 1996) show the same 
micritic, dense to porous top layer of Ph. incrustatum and 
Ph..fi)veolarum, which are still living (Pl. 5/1, 4, 5). 
However, the upper tips remain uncalcified and a first thin 
cover of organic detritus, tiny quartz and calcite grains is 
developed (PI. 5/3-4). Also, patchy cokmies of  diatoms 
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Biofilms and CaCO 3 precipitates of the lower creek site, Deinschwanger Bach, Bavaria. 

Vertical section of the upper half of a tufa crust grown of  a plastic substrate within 10 months. The sparry 
spring layer is colonized by Phormidium incru,~tatum (Ph. incr.) filaments and numerous small diatoms 
(dia). Numerous non-phototrophic bacteria are present, too (not visible on this micrograph). The summer- 
autunm layer is formed by a dense layer of vertically arranged Phormidium.[m,eolarum filaments (Ph. 
for.). Note endolithic H3'ellafolltaJm (lay) within the tufa crust. Autunm (30.09.1997), lower creek section 
(site 4). Deinschwanger Bach. Epifluorescence micrograph (ex 450-490 rim, em 520-575 nm). Sample RT 
97/I-P. 
Same view as in Pl. 5/I under crossed Nicols to show the h)cation of carbonate precipitates. For scale see 
Pl. 511. 
Overview of  a tufa crust grown on a wood substrate (wood) between November 1996 and September 1997. 
A porous, microsparitic to sparitic spring layer (micrspar) is overlain by a micritic summer-autumn layer 
(micr). Note internal lamination and erect filamentous structure of the dark sumnler-autumn layer. The 
uppermost surface is poorly calcified and rich in detritus. Autumn (30.09.1997), lower creek section (site 
4), I)einschwanger Bach. Transmitted light. Sample RT 97/I-H. 
Top of the tufa crust shown in Pl. 5/3. Micl'ocrystalline carbonate precipitated between the densely 
arranged Phormidium./bveolarum filaments. Autumn (30.09.1997), lower creek section (site 4), Deinschwanger 
Bach. Overlay of crossed Nicols and epifluorescence micrograph (ex 450-490 nm, em 520-575 nm). 
Sample RT 97/I-H. 
Detail showing erect Phormidiumfoveolarum filaments at the top of  a 10-month-old tufa crust. Several 
prostrate Phormidium im'rustatum filaments (arrows) are visible upon the Phormidium,/oveolarum layer, 
too. Autumn (30.09.1997). lower creek section (site 4), Deinschwanger Bach. Deconvolved epifl uorescence 
micrograph (ex 450-490 nm, em 520-575 nm). Sample RT 97/I-P. 
Pennate diatoms forming the surface biofilm in winter. The diatoms grow on and between micritic 
Phormidium robes of late summer-autumn. Winter (01.03.1997), lower creek section (site 4), Deinschwanger 
Bach. Nomarski optics. Sample RT97/I-W (C 1A) 
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occur even at wetl-ilhtminated places, indicating the transi- 
tion to the diatom-dominated winter biofihn community. 
Wherever diatoms occur at the biofilm top or within the 
crusts, the places remain uncaJcified (PI. 5/1-2). 

Samples taken in winter (01 ./02.03.19971 show a 30-500 
/am thick surface layer dominated by pennate diatonls and 
organic detritus (PI. 5/6). Some living Ph. incrustatum 
filaments occur in tula parts of the previous season and are 
only locally found in the diatom-rich biofilm top. Calcifica- 
tion in the surface layer is restricted to few patches of 
scattered microspar. 

Non-phototrophic bacteria have been tk-mnd thn)ughout 
the crusts CPI. 6/2-3) of all sampling periods. Rod-shaped 
bacteria of Ix3 um in size frequently occur at or near the 
biofilm top. Preliminary results of in-situ hybridizations at 
hardpart sections revealed that they phylogenetically belong 
to the [3-subclass of the Proteobacteria. At places of abun- 
dant bacterial rods, calcification is apparently inhibited (P1. 
6/2-3). Numerous small coccoid bacteria 1 Ltm in size form 
microcolonies between cyanobacterial filaments and in pore 
spaces of  deeper crust parts. As in the stromatolitic crusts 
below the tufa cascade, decaying trichomes ofPh. inc'rustatwT~ 
are frequently internally colonized by filament-forming 
bacterial rods and thin filaments of less than 0.5 btm diameter 
(P1.2/9). All these places are essentially fiee of CaCO~ and 
crystal aggregates attached to microcolonies have not been 
found. 

7 DIA(;ENETIC MOi)IFICATIONS 

Diagenctic changes of carbonates precipitated within 
tufa biofilms potentially start immediately after their forma- 
tion. Two effects are recognized (Freytet & Venecchia, 
1998, 1999): ( I ) Equant spat can result from recrystalliza- 
tion of micrite, microsparite, or primary sparite. (2) Micritic 
to microsparitic fan-like precipitates at cyanobacteria are 
subject to aggrading neomorphism to result in radial palisadic 
crystals (often with microlamination) with sweeping extinc- 
tion when seen under crossed Nicols. The latter effect has 
been suggested for calcified tufts of Schizothrix (Freytet & 
Verrecchia. 1999), but probably also occurs in calcified 
bushes ofPhormidium incrustatum filaments (Janssen et al., 
1999). 

In the Deinschwanger Bach such diagenetic effects are 
obvious in sections of subfossil tufa crusts, while the3' are 
more difficult to recognize in the recently precipitated car- 
bonate crusts. In 1/2 to 2 years old parts of tufa crusts at the 
middle and lower creek section, elongated calcite spar 
crystals form within trichome moulds of Phormidium 
foveolarum and Phormidium incrustalum, when the cells are 
completely decayed, but the sheath and surrounding 
exopolymers are still present (P1.6/4). A sinailar observation 
has already been made by Geurts (1976: 13). Furthermore, 
spring layers of previous year(s) show slightly coarser 
microspar to spar crystals i fcompared to surface precipitates 
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6 Biofihns, CaCO 3 precipitates and diagenetic features at the lower creek site. Deinschwanger Bach, Bavaria. 

Overview of the seasonal lamination in a tufa biofilm crust of the lower creek section (site 4 >, A lnicrosparitic, 
porous spring layer grades into a micritic, more dense summex'-autumn layer. The surface is covered by a thin 
winter biofilm with abnndant diatoms. A few living Ph. incrustaum and Ph../bveolarum filaments are still 
present within the micritic layer of sutnmer-autumn. Winter (01.03.1997), Deinschwanger Bach. Transmitted 
light. Sample RT97/I-W (T/15a). 
Cyanobacterial filaments (Phormidittm incrustalum) and associated non-phototrophic bacteria of a tufa 
crust grown within 10 month on an iron plate. Numerous small coccoid bacte,ia (cote) are distributed 
between the calcareous tubes of filaments. Note rod-shaped bacteria (rods) near the surface of  the crust. 
Lower creek section (site 4), Deinschwanger Bach. Deconvolved epifluorescence micrograph (ex 450-490 
nm. em 520-575 tam). Sample RT 97/I-M. 
Same vie;,,, as in PI. 6/2 showing the non-phototrophic bacteria in relation to tim calcite encrustations of  
Phormidium incrustalum filaments. The bacteria occur in calcite-free spaces. Overlay of crossed Nicols 
and deconvolved epifluorescence rnicrograph (ex 450-490 urn, em 520-575 nm). 
Internal calcification of decayed Phormidizm~ im'ru.s'tatum filaments between microspar crystal aggregates 
of an approximately 4 months old spring layer. Only empty sheaths of Phormidium are left, some of them 
internally filled by elongated calcite crystals. Deeper part of a tufa biofihn crust on wood substrate placed in 
the lower creek section l:rom 22. I I. 1996 (winter) to 30.09.1997 (autumn). Overlay of crossed Nicols and 
epifluorescence micrograph (ex 45()-490 nrn, enl 520-575 nm). Sample RT97/I-H. 
Development of a spar fan by aggrading neomorphism of microspar encrusted, bush-like array of Phorrnidium 
incrustatum in an approxirnately 2 years old spring layer. Traces of internally calcified Ph. incruslatum 
filaments are still visible (arrow). Lower creek section (site 4). Deinschwanger Bach. Nomarski optics. 
Sample RT99/F. 
Subfossil tufa crust at an advanced stage of diagenesis showing an alternation of palisadic spar crystals and 
micritic zones. Spring (12.06.1999), middle creek section. Transmitted light. Sample RT99/B. 
Detail of radial palisadic spar crystals of a sttbfossil spar layer. The neon3orphic spar shows numerous 
inchtsions, but filament traces of cyanobacteria are absent. Spring (12.06.1999), middle creek section. 
Crossed Nicols. Sample RT99/B. 
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in present spring layer. More clear is the aggracling netn]]OlI- 
phism in bushes of Pit. illcrltstotltlll. The microspar turns 
into spar blades when the living trichomes are vanished. 
During the early stage of this process the calcite moulds of 
the filaments are still visible (Pl. 6/5). but later also disap- 
pear'. 

Subfossil tulh crusts are commonly composed of con- 
tmuous spat laye,s (90 - 350 him thick) alternating with 
thinner microcrystalline intercalations (20 - 160 ,urn thick) 
(PI. 6/6). Small inclusions are abutadant in the sparite (P1.6/ 
7), but filamentous structures that can be attributed to former 
cvanobacterial filaments are rarely seen. This is consistent 
with the results of Janssen et al. (1999), who proposed a 
v'anishing of filament traces during the formation of continu- 
ous span'y layers. Such layers form by cementation and 
recrystallization of the initial cyanobacterial micritic bushes 
upon the disappearance of the organic matter (Janssen et al.. 
1999). 

8 S T A B L E  ISOTOPES OF TUFA C A R B O N A T E S  AND 

W A T E R  

Four samples of water and 5 samples of tufa carbonates 
for 8L~C and 8~sO analysis have been taken at the lnain 
spring, the tufa cascade, the middle and lower creek section 
in June 1999 (Tab. 3). In addition, 81-~C and 81sO of two 
samples taken flom an artifically placed substrate (collected 
in 30.09. 1997) have been measured. 

The 813C data of the dissolved inorganic carbon (DIC) of 
the waters show a continuous slight increase from - 13.28 %, 
at the main spring to less light vahtes of-  12.075(~ and - 11.76 
%~ at the middle and lower creeks section, thereby reflecting 
the successive degassing of CO,. On the other hand. the 
complementary 15t'~O data indicate only a mixing of main 
spring waters and tributaries of side springs. Thus, the 
physicochemical CO2-degassing is solely due to the high 
CO_.: supersaturation, with little or no effect of evaporation. 

813C data of calcitic carbonates of the tufa biofihns and 
moss incrustations of the tufa cascade and the middle creeks 
section are characterized by uniformly light values of - 
9.36 c~., to -10.76 ~7~, which are consistent with a pure 
tllel-modynanlic fractionation, on condition that the ~513C 
data of  DIC reflect the ratios of waters fiom which the 
carbonates were precipitated. Only the biofilm carbonate 
sample taken tit the well ilhnninated lower creek section 
shows significantly heavier 813C than the corresponding 
solutio,l, although the 81sO data exclude evaporation. Spiro 
& Pentecost (1991) found that the 813C of cyanobacterial 
calcite o1' a hardwater creek in Yorkshire is on the average 
3 9,::e heavier than the stream-average noontime 8 i 3C of total 
DIC. Also the cyanobacterial calcite was more than 2 e/~c 
heavier than biologically unafl~cted "'travertine" on bryo- 
phytes (Spiro & Pentecost, 1991). They considered these 
differences in 813C as an effect o[" photosynthesis. Conse- 
quently, the fractionation observed here may point to photo- 
synthetic effect promoting carbonate precipitation of the 
cyanobacterial biofihns, notwithstanding these spot samples 

only provide a first indication. However. biofihn carbonates 
taken from substrate plates (30.09.1997)artificially placed 
in the lower creek point to the same direction: The cyanobac- 
terial carbonate crust of the well illumated upper side is 
considerable enriched in l~C compared to the shaded lower 
side of the plate, while the 6~SO data only slightly differ. This 
view is consistent with the resuhs of Andrews et al. (1997). 
wh(~ found on basis of 8~C meausl'enaents of mussel shell 
aragonite and associated microbial carbonates that a ini- 
croenvironmental photosynthetic effect is only evident at 
sites where water flushing rates are low. 

9 DISCUSSION:  F A C T O R S  AFFF.CTING TH E 

C A R B O N A T E  EQUILIBRIUM 

Potential Liactors affecting tile carbonate equilibritun in 
tufa systems are physicochemical CO, degassing, CO 2 fixa- 
lion by, autotrophic organisms (phototrophic cyanobacteria. 
algae, and bryophytes, chenmlithotrophic bacteria), and 
CO 2 production by chemoorganotrophic bacteria and dark 
metabolism of phototrophs. Further. the availability and 
properties of potential nucleation site-forming surfaces has 
to be taken into account. 

In accordance with previous studies on calcareous tufa 
systems, the rapid decline of pCO,_ along thc creek suggests 
a physicochemically-driven precipitation of CaCO~. The 
drop from 12900 Maim pCO 2 at the spring to 700 ,u.atm pCO 2 
at the middle creek section (Tab. 2) should clearly override 
any effect of metabolic CO, fixation. No precipitation oc- 
curs at the main spring, in accordance with the calculated 
undersaturation. Following CO, degassing, clear, well de- 
veloped spat" rhombs form at the tufa cascade upon organic 
but exopolymer-poor surfaces of mosses (PI. 2/2-3). The 
large, idiomorphic crystal habitus suggests a direct, continu- 
ous precipitation from the liquid phase starting at few 
nucleation sites. Tufa crusts 5 m below the cascade already 
show calcareous tubes which l\wmed upoll Phormidium 
incrtt.~'talum filaments. Tufa encrustations on moss cauloids 
of the middle creek section superficially resemble that of the 
tufa cascade but are composed of hypidiomorphic microspar 
and spar cI3,'stals with abundant microorganisms present (P1. 
3/2-4). Acidic groups abundant in biofilm exopolymers 
rather than free surfaces of bryophytes are considered as 
nucleation sites at the middle creek section. 

Althou,jh tl le middle and lower creek sites exhibit ahnost 
identical water chemistry parameters, differences in calcifi- 
cation intensity have been observed. Carbonate tubes around 
PhormMium incrustatum filaments occur on undersides of 
artificial substrates, and - less abundant - within natural tufa 
crusts. Thicker crusts at the lower creek site may be ex- 
plained by more extensive biofilm development at this well- 
illuminated place. A larger amount of exopolymers, which 
are considc,ed to concentrate Ca -++ spatially by complex- 
ation, might explain a larger amount of CaCO 3 precipitated. 
However. an external enc,+ustation ofPh. incrustatum sheaths 
to result in calcareous tube formation has been observed in 
crusts of the middle creek section and below the cascade, 
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sampling site!Sample 

I 
main spring RT99/1 

tufa cascade RT99/2 

middle creek RT99/3 
section 

lower creek RT99/4 
section 

main spring 
tufa cascade RT99/2a 

RT99/2b 

middle creek RT99/3a 
section 

RT99/3b 

lower creek RT99/4 
section 

lower creek RT97/IK 
section oben 

RT97/IK 
unten 

description 

water immediately at spring 
orifice 
water immedialely prior to 
cascade 
water immcdia{cly prior tol 
small barrage' 
wamr from the middle of Ihc 
creek 
(no CaC03 precipi!atcs) 
higher par! of tufa cascade, 
calcite crusted mObS 

s e a s o n ,  

da!e 
i 6~(; (DIC;CaCO~) 
J PDB 

spring - 13.280 
12.{}{-~.1999 1 

I 

spring i - 12,83{) 
12.1)6.1 ':~9q I 

spring 
12.06.1999 

i - 12,070 

{ 
spring -I ,76 

12.0('). 1.999 
] 

6~0 (H:(h 
SMO\\' 
-9,941l 

-%530 

-9,79~1 

-9.07(I 

b,:~O (CaCO~) 
PDB 

,') O (CaCO~) 
SMOW 

spring -').36{I -7,1411 2?,,550 
12.06.19991 

i 

Iov,'e~ pan of tufa cascade, spring i -10,6711 -7.2711 23.41{} 
calcified cyanobactcria crus! 2.116.1999 ! 
calcile crusled moss nf small spring i -1{),76{) -8.1.3U ~-' 53(I 

i 

barrage i2.06.1')99 1 
calcitied cyanobacterial bio- spring i -lii.2S / -8,14{1 22.52t1 
film, immediatel', prior t~ 12.{1~.1909 i 
small barrage I 
tufa crust on a limestone spling ]: "7 . . . . . . .  ~,r -8,04U "" F'~_ 
cobble, calcified cyano- 12.06.1909 i 
bacterial b i o f i l m  ] 
calcified cyanobactcrial hemi- autumn -6.990 -7.480 23.2U0 
sphere (illuminated upper side 31).09.1907 
of artificial substratc) 
calcified cyanobacterial shrubs autumn - 10,690 -8,2811 22.370 
"P/ZOr/'ll/?/I).#,'I z)'Igrle, Vla/tzm) 30.119, 1997 
shaded lower side of artificial 
substrale) } 

Tab. 3. Stable isotope data of ~vatcr and biofilm carbonale samples tH Ihc Dcinschwangcr Bach. 

too. Initial nucleation at sheath surfaces might possibly be 
promoted by a photosynthesis-induced pi t  microgradicnt. 
However, the diurnal pH of the macrocnvironmcnt is stable 
(Wedemeyer,  1999) and rapid precipitation precludes a 
micritc impregnation of the sheaths, so that an extcrnal 
cementation results only,. Mcrz-Prcig & Riding (1999) sug- 
gest that sheath impregnaticm might be restricted to alkaline 
settings depleted in CO 2, thus, occurs when cyanobactcria 
switch to bicarbonate fixation and direct release of O l l .  
However, in the study they refer to (Merz, 1992), both 
exper iments ,  inhibit ion of Photosytem II by I )CMU 
(Dichlorphenyld imethylurea)  and inhibition of carbo- 
anhydrase by EZ (Ethoxyzolam idc), lead to a decrease in the 
amount of CaCO 3 precipitatcd with increasing concentra- 
tion of the inhibitors (Merz, 1992: Figs. 5 and 6). The crucial 
point is, whether EZ really inhibits a scparatc H ( ' O f  trans- 
port system or a combined CO2/1ICOf pump in the cyano- 
bacteria in question. Thus, further experimental studies arc 
necessary to prove their suggestion. 

The role of  bacteria as active agents in the fl)rmation of 
tufa carbonates is difficult to assess, ht the Deinschwangcr 
Bach, most of the non-pholotrophic bacteria apparently 
thrive on exopolymers and decay products of the cyanobac- 
teria, hence, are likely chcnaoorganotrophs. They therefore 
potentially rather producc than consume CO,, and may 
lower CaCO 3 supersaturation. Szulc & Smyk (1994) iso- 
lated several bacteria from cyanobactcrial biofilms of a 
slope spring tufa in Poland. Although 7 of the 8 species 
mentioned are chemoorganotrophic and largely considcrcd 

to dissolve CaCO~, the presence of numerous bacteria- 
shaped rods ("bacul i form")has been taken as indicative for 
a bacterially controlled calcification. "Baculiform" calcite 
rods arc interpreted to result from autolvticallv induced cell 
calcification. Szulc & Smyk (19943 postulated a decisive 
role of bacteria in the calcification (~l tufa microbial mats in 
lhcir invcsti,,atcd case study. With reeard to a bacterial CO~ 
assimilation that may effectively cause precipitation, this 
suggeslion is speculative and remains to bc shown. In any 
ease, in-situ hybridizations arc necessary to localize and 
prove the presence of active bacterial cclis of the different 
species within the crusts. The application of pH-scnsitive 
nticrocleetrodes or l luorochromcs may be used to test thc 
supposed microscale intcractions (see e.g., Mcrz et al., 
1995). I:~xpcrimental studies by Caudwell (1987) indeed 
indicate a contplcx relationship of bacterial carbohydrate 
consumption, pl i  decrease, and subsequent alkalinization 
that may occur within tufa biofilm microcnvironments. 
Howcver, even in the case study of Caudwcll (1987) pre- 
existing carbonalc in cy'anobactcriaI sheaths is oiHv dis- 
solved and rcprccipitatcd by the non-phototrophic bacteria. 

10 DISCUSSION: SEASONAI~ LAMINATION 

In general, seasonal lanlination in l'/torntidium tufa 
crusts reflects the alternation of(1)  light, porous layer made 
of scattered calcified bundles (Ph. illcru.s'tatum o.) separated 
by wide cavities ~,nd detrital components, and (2) dark. 
coherent layers with densely arranged, erect filaments (t'h. 
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incrustatum ~) (Geurts, 1976; Monty, 1976; Freytet & Plet, 
1996; Janssen et al., 1999). Light, porous laminae show 
pollen spectra dominated by plants flowering in summer and 
autumn, while dark, dense laminae are characterized by 
pollen of plants flowering in spring (Geurts, 1976: 18). By 
refering to Geurts (1976), Monty (1976) regarded porous 
laminae having formed during May to January, whereas he 
assigned dense laminae to the period February to April. 
Lamination in the investigated tufa crusts has been observed 
mainly in lower creek section samples, but even there, it is 
not always well developed due to lateral changes in biofilm 
composition. Sampling during all four seasons and artifi- 
cially placed substrate plates give evidence for an alternation 
of different layers which differs from previous interpreta- 
tions of seasonal laminae formation (P1. 6/1). 

In the Deinschwanger Bach, spring biofilms are charac- 
terized by erect bushes of Ph. incrustatum filaments, and 
diatoms occupying pore spaces in deeper biofilm parts. On 
the other hand, tufa biofilms from localities in Belgium also 
show bushes of erect Ph. incrustatum filaments, but are 
apparently heavily micrite-encrusted to result in a dense 
spring lamina (Janssen et al., 1999). However, calcification 
in the Deinschwanger Bach is less intense and characterized 
by loosely distributed microspar (P1.4/5), leading to the 
formation of a rather porous spring layer (P1.5/3, 6/1). One 
may speculate, if optimum conditions during spring may 
promote the production of highly hydrated, less acidic 
exopolymers, which provide fewer nucleation sites. 

Summer-autumn samples from the Deinschwanger Bach 
show a micritic and commonly dense top layer, which 
encrusts densely arranged filaments of Ph. fbveolarum and 
Ph. incrustatum ~ (P1. 4/6-7, 5/1-5). The change from 
microspar to micrite may reflect a chemical change in the 
produced exopolymers: restricted availability of nutrients 
(incrcase of metabolic stress) may lead to exopolymers with 
higher concentrations in carboxylatc. This suggestion is 
speculative for cyanobacteria, but has been shown for bac- 
teria (Uhlinger & White, 1983). Increased illumination 
during summer may further amplify this effect. In Belgian 
tufa biofilms, the porous laminae (with Ph. incrustatum c~, 

detrital components) are considcred to form in summer 
(Janssen et al., 1999), as based on palynological investiga- 
tions (Geurts, 1976). This contradiction may be explained by 
the possibility that seasonal changes in biofilm composition 
and physicochemical parameters may not be the same in 
different creeks in question. As an alternative explanation, 
pollen of summer and autumn may stick only superficially to 
autumn biofilms, but are overgrown to be incorporated in the 
organic mucus in winter. 

Winter biofilms in the Deinschwanger Bach are domi- 
nated by diatoms covering a still living, already micrite- 
encrusted Ph. incrustatum - Ph. ]bveolarurn laycr (P1.5/6, 6/ 
1). The diatom layer appears to be free of current precipi- 
tates. However, it remains unclear, if calcification still 
slightly proceeds in the Ph. incrustatum - Ph. foveolarum 

layer below the diatoms. In general, calcification during 
winter does not appear to cease completely (Janssen et al., 
1999). 

A seasonal lamination has also been described from 
Schizothrix-tufa crusts from the Pieniny Mountains in south- 
ern Poland (Szulc & Smyk, 1994). Again in contrast to the 
present study, dense laminae are assigned to spring and 
porous laminae to summer, as based on SEM investigations 
of samples taken in January, April, July, and September. 
During spring intensive growth of diatoms and cyanobacte- 
ria should result in intensive calcification and hence, com- 
pact and coalescent laminae. During summer the decline in 
diatoms and a rise in tempcrature should explain that calci- 
fied envelopes become more loose and a porous lamina 
forms. In autumn and winter carbonate production should 
dimish gradually. In addition, a weak dissolution due to 
chemoorganotrophic bacteria and/or slight acidic coating of 
diatoms is described, although calcification should proceed 
(Szulc & Smyk, 1994). However, for a comparison with the 
present results from the Deinschwanger Bach thin section- 
ing of fixed, resin-embedded material from the Pieniny 
Mountains is necessary. 

11 CONCLUSIONS 

(1) Present-day CaCO 3 precipitation within the Dein- 
schwanger Bach is evident by tufa crusts on artificial 
substrates placed in the creek for 10 months. Carbonate 
tufa crusts up to 1.5 mm thickness formed between 
November 1996 and September 1997. 

(2) Hydrochemical data and calculations indicate that tufa 
deposition in the Deinschwanger Bach is physicochemi- 
cally driven by CO 2 degassing. There is no evidence for 
a significant influence of photosynthetic CO 2 fixation on 
the macroscale carbonate equilibrium. 

(3) Stable carbon isotope data indicate a minor photosyn- 
thetic fractionation with regard to the precipitated car- 
bonates, but only for the lower creek section. Nonethe- 
less, the effect is not strong enough to cause a sheath 
impregnation by CaCO 3 at the cyanobacteria. 

(4) Lower creek tufa crusts ofPhormidium incrustatum - Ph. 

foveolarum - diatom biofilms show a seasonal lamina- 
tion. Highly porous spring laminae are composed of 
loosely distributed microspar and hypidiomorphic mi- 
crospar, whereas summer-autumn laminae are microc- 
rystalline and commonly dense. This change in fabric 
reflects an alternation of spring biofilms with Ph. 

incrustatum ct, summer-autumn biofilms with Ph. 
incrustatum [3 and Ph. ]bveolarum, and winter biofilms 
rich in diatoms and organic detritus. 

(5) The endolithic cyanobacterium 3 and Hyella fimtana 
occur within limestone substrates but also within con- 
structive tufa crusts, thereby contributing to the mainte- 
nance of porosity. 

(6) Non-phototrophic bacteria occur in large numbers in Ph. 
incrustatum - Ph. foveolarum - diatom biofilms. Most of 
the bacteria digest exopolymers and dead cyanobacterial 
cells. This EPS degradation rather results in secondary 
Ca 2§ release and microscale decrease in CaCO 3 super- 
saturation by CO 2 production. Thus, these bacteria are 
unlikely to cause CaCO 3 precipitation by a microscale 
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rise in supersaturation, but possibly contribute to the 
maintenance of  porosity as long as they rnctabolizc. 

(7) The presence and abundance of  chemolithotrophic bac- 
teria within natural biofilm samples remains to be shown. 

(8) First diagenet ic  features are calcite precipitates within 

empty  sheaths of  decayed t r ichomes and occur  already 

after 4 months.  Success ive  aggrading neomorphism in 
microspar  layers leads to subfossil  tufa crusts composcd  

of pal isadic  sparite layers and thin micri t ic  intercala- 

tions. 
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