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abStract

The crystallization of calcium oxalates (weddellite and whewellite) by interaction of calcite marble 
with fungus Aspergillus niger, one of the most active stone destructors, was studied under in vitro con-
ditions. The temporal development of acid production of fungus as well as the sequence of formation 
and morphogenesis of the growing oxalate hydrates crystals were investigated in detail. Furthermore, 
the relationships between morphology and growth conditions of crystals within the biofilms on the 
surface of carbonate rocks are discussed.

Keywords: Crystal growth, crystallization, whewellite, weddellite, morphogenesis of calcium 
oxalate hydrates, microscopic fungi, Aspergillus niger, acid production, oxalate patina, bioweathering 

introDuction

The significance of the problem of fungal activities during 
bioweathering and biotransformation scenarios of rocks and 
minerals is explained by the role of fungi in geomicrobiological 
processes, their deteriorative activity on natural rock and building 
materials (Ehrlich 1996; Burford et al. 2003a, 2003b; Adeyemi 
and Gadd 2005; Vlasov and Frank-Kametskaya 2006; Gadd 
2007; Frank-Kamenetskaya et al. 2009). Fungi are also of sig-
nificance in the global carbon cycle. In addition, they permit 
potential biotechnological applications, e.g., in crystal engineer-
ing (Rautaray et al. 2003, 2004) as well as in the bioremediation 
processes of xenobiotic-, metal-, and radionuclide-contaminated 
soils and wastes (Gadd 1999; Burford et al. 2006). Not at least, 
the study of the biochemical activity of fungi is of importance in 
development of effective procedures for the protection of stone 
monuments staying under the influence of urban environments 
(Frank-Kamenetskaya et al. 2012a).

It is widely known that oxalate salts, particularly whewel-
lite CaC2O4·H2O and weddellite CaC2O4·2H2O, are commonly 
present in biofilms on carbonate rock (marble, limestone) sur-
faces in association with lichen thalli, as well as fungal hyphae 
(Pinna 1993; Burford et al. 2003b; Gadd 1999, 2007; Magnuson 
and Lasure 2004; Rousakov et al. 2010). In addition, calcium 
oxalate hydrates can crystallize in biofilms on the surfaces of 
other calcium-containing rocks and minerals (Burford et al. 
2003a, 2003b; Gadd 2007) and even on timber (Hastrup et al. 
2012). This observation indicates a substantial contribution of 
microscopic fungus during oxalate patina formation, as already 

confirmed by several simulation experiments (Burford et al. 
2006; Monte 2003a, 2003b). The role of oxalate patina on the 
stone degradation process is controversial. It has been shown 
that removal of natural oxalate patina from marble or limestone 
surfaces may induce or enhance stone decay (Bonaventura et 
al. 1999), as well as that an artificial patina will protect stone 
monuments (Doherty et al. 2007).

The present work continues research on the peculiarities 
of crystallization of calcium oxalates occurred by interaction 
of carbonate rocks with organic acids excreted by fungus (Bo-
naventura et al. 1999; Frank-Kamenetskaya et al. 2009, 2012a, 
2012b) by using fungus Aspergillus niger as an active stone 
destructor (Barinova et al. 2010; Sazanova et al. 2014). Our 
interests were focused on: (1) temporal changes of acid produc-
tion of Aspergillus niger; and (2) the sequence of formation and 
morphogenesis of calcium oxalate hydrates crystals. In addition, 
our in vitro results are compared with characteristic features of 
natural calcium oxalates associated with biofilms on the surface 
of damaged marble.

matErialS anD mEthoDS

Experiment conditions
For a detailed study of the growth of calcium oxalate hydrates under the 

influence of the microfungus Aspergillus niger, an A. niger Ch 4/07 strain was 
taken, which was previously isolated from the surface of a damaged Proconesos 
marble of a monument column of the “Basilica in Basilica” was taken (Tauric 
Chersonesos, Crimea).

The Proconesos marble (Mezozoic age) was quarried near Constantinople 
(Warren 1999). Marble of columns of the “Basilica in Basilica” is a heterogranular, 
rarely slightly dolomitized carbonate rock with some admixture of quartz (Fig. 1). 
The calcite grains are generally xenomorphous, with an average size of about 
0.2–0.3 mm. Macroscopically the rock has a parallel texture, however, under the 
microscope it appears massive. A parallel striation is observed on some grains 
(Mosyagin et al. 2009). For our experiments, fungus was isolated from a part of 
the monument with signs of marble surface disintegration and development of 
lichen-fungal biofilm associated with oxalate crystals. The characterization of the 
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