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Although silica diagenesis has been widely studied (e.g., 
Calvert, 1974; Wise and Weaver, 1974; Kastner et al., 1977; 
Williams and Crerar, 1985; Williams et al., 1985; Hesse, 
1989; Lynne and Campbell, 2003, 2004; Lynne et al., 
2005, 2007, 2008) and is generally understood to follow  
a path from amorphous opal-A, through opal-CT, to quartz 
(Demaster, 2005), some of its details remain poorly un-
derstood. In particular, the diagenesis of biosilica, such 
as sponge spicules, which are common in sedimentary 
rocks, has received limited attention. Exceptions include 
studies on Eocene (Frisone et al., 2014), Cretaceous and 

Permian spiculites (e.g., Matysik et al., 2018; Jurkowska 
et al., 2026), which mainly focus on host-rock petrogra-
phy and adopt a “dissolution–mould formation–mould 
infilling” model of spicule diagenesis. Recently, Stamm 
et al. (2025) presented a comparative analysis of the geo-
chemical and mineralogical composition, as well as the 
isotopic signatures, of Recent and Cretaceous sponge spic-
ules exhibiting various types of preservation. They pro-
posed a model of “recrystallization of opal-A to opal-CT  
induced by a dissolution-reprecipitation process during 
diagenesis” to explain the modifications observed in fossil 
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Abstract: The diagenesis of biosilica remains poorly known, but is increasingly important for reconstructing past 
oceanic silica levels using silicon isotopes. Here, we present SEM and XRD analyses of sponge spicules from the 
Late Jurassic, Late Cretaceous, and Eocene, compared with modern samples, to reveal their modifications with 
time. Modern spicules are composed of opal-A, distinct from sinter-derived opal-A. Many Eocene spicules also 
preserve opal-A, but show signs of early transformation. Most Eocene and all Cretaceous spicules consist of opal-
CT, while quartz occurs in some Cretaceous and all Jurassic samples. Eocene opal-A spicules are macroscopically 
glassy, whereas opal-CT spicules exhibit a milky and/or opaque appearance, due to the presence of silica micro-
spheres. Cretaceous spicules range from milky to opaque, and Jurassic spicules are typically opaque, containing 
microspheres, silica nanogranules, and microquartz. The structural and mineralogical evolution is reflected in 
decreasing Full Width at Half Maximum (FWHM) values of diffractograms with increasing age. Some Cretaceous 
and Jurassic spicules contain quartz blocks, formed by the fusion of silica nanogranules, while euhedral quartz 
occurs in both Cretaceous and Jurassic samples. Although diagenetic stages can vary within a single spicule, all 
retain at least some elements of their original structure and morphology. The observed mineralogical transitions 
reflect dominant solid-state maturation through dehydration and sintering and/or Ostwald ripening, rather than 
dissolution, mould formation, and reprecipitation from external fluids. Our findings indicate that sponge spicules 
preserved through solid-state transformation are preferred targets for silicon isotope studies. However, the assump-
tion that such spicules retain their original isotopic signal must be further verified through integrated structural and 
isotopic investigations.
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spicules, although no accompanying structural analyses 
were conducted. 

Understanding spicule diagenesis requires first consid-
ering the structure of modern spicules. Contrary to the sim-
plistic view of spicules as rods of amorphous silica (essen-
tially silica glass – see, for example, Matysik et al., 2018; 
Slagter et al., 2025; Stamm et al., 2025), they are, in fact, 
complex biocomposites, made of silica and organic com-
ponents – including proteins like collagen – and exhibit  
a complex internal structure (e.g., Schwab and Shore, 1971; 
Uriz et al., 2000, 2003; Pisera, 2003; Weaver and Morse, 
2003; Weaver et al., 2003; Uriz, 2006; Woesz et al., 2006; 
Schröder et al., 2007; Ehrlich et al., 2008, 2010; Müller  
et al., 2008; Görlich et al., 2020; Pisera et al., 2021, among 
others).

The spicule structure varies between Demospongiae 
and Hexactinellida – the two sponge classes with siliceous 
spicules, commonly preserved in the fossil record. Fur-
thermore, lithistid demosponges differ from typical dem-
osponges in having articulated spicules called desmas (Pi- 
sera, 2003). Spicules generally form around an organic axial 
filament (Pisera, 2003; Uriz et al., 2003; Weaver and Morse, 
2003; Uriz, 2006), long thought to consist of silicatein –  
an enzyme, believed to catalyse biosilica formation in 
sponges (Müller et al., 2007). However, it is now known 
that the filament is primarily composed of actin, a highly 
abundant structural protein (Ehrlich et al., 2022; Voronki-
na et al., 2025). After the removal of the axial filament,  
a narrow axial canal typically remains, usually less than  
1 μm in diameter (Uriz et al., 2000; Pisera, 2003; Weaver 
and Morse, 2003; Weaver et al., 2003). Some lithistid spicu- 
les lack an axial filament but still show a concentration  
of organic material at the centre (Pisera, 2003).

The diagenesis of siliceous spicules has become a critical 
issue, due to the increasing use of silicon isotopes in recon-
structing past oceanic silica levels (e.g., De La Rocha, 2003; 
Hendry et al., 2010; Wille et al., 2010; Hendry and Robin-
son, 2012; Fontorbe et al., 2016, 2017; Frings et al., 2016; 
Łukowiak, 2020; Stamm et al., 2025). These silica levels 
are closely linked to the carbon cycle (Tréguer et al., 2021), 
which, in turn, plays a key role in regulating climate. Conse-
quently, palaeoclimate reconstructions, based on the silicon 
isotopic composition of biosilica, must assess whether fossil 
siliceous spicules preserve their original isotopic signatures 
(cf. Slagter et al., 2025; Stamm et al., 2025), whether they 
have undergone diagenetic alteration, and, if so, the nature 
of such modifications. 

The objective of this study is to examine and elucidate the 
modification of biosilica in spicules with geological time, 
thereby contributing to a broader understanding of silica 
diagenesis in sedimentary environments, including isotopic 
studies, and providing insights into the interpretation of dia-
genetic sequences in spiculitic rocks.

MATERIAL

We examined fossil spicules from the Eocene, Upper 
and Lower Cretaceous, and Upper Jurassic deposits. All 
are macroscopically well-preserved, retaining sculptural 

details, such as tubercles and spines. For comparison, we 
also examined siliceous spicules from extant sponges.

Recent spicules

The spicules of major siliceous sponge groups that pre-
serve in the fossil record were studied (for the classifica-
tion of sponges, see Hooper and Van Soest, 2002) including  
1) Hexactinosan sponges, such as Laocoetis and Aphrocal-
listes (Hexactinellida, Hexactinosida) with a fused skeleton; 
2) lithistid demosponges (Demospongiae) with an articu-
lated desma skeleton, including: megaclones of Pleroma, 
dicranoclones of Corallistes, and various rhizoclones; and 
3) “soft” demosponges (Demospongiae), such as strongyles 
of Petrosia. All these sponges originate mostly from deep 
waters of either the New Caledonia region or Madagascar.

Eocene spicules

Southern Ukraine. The spicules were collected from two 
locations: 

Rybalski Quarry – Obukhov Formation, composed of 
dark grayish-green and brown silty sands and clays, often 
glauconitic and rich in siliceous spicules and fragments of 
lithistid sponges and the borehole no. 143 – from green-
grey glauconitic sands of the Southwestern Australia (for 
details, see Łukowiak et al., 2022a). The spicules were 
collected from Upper Eocene spiculites and spongiolites 
of the Pallinup Formation, at Fitzgerald River National 
Park and Doyle Road, east of Hopetoun (for details, see 
Gammon et al., 2000; Gammon and James, 2003; Łukowi-
ak, 2015, 2016; Łukowiak and Pisera, 2017; Pisera et al., 
2023). In both cases, lithistid desmas as well as oxeas and 
triaenes of soft demosponges (Demospongiae, Astrophori- 
da) were studied. 

Cretaceous spicules

These spicules come from Misburg, Oberg, and Höver 
(Northern Germany) and were recovered from Upper Creta-
ceous (Campanian) marls, previously referred to as “Quad-
raten-Kreide” and “Mucronaten-Kreide” (Schrammen, 
1910–1912; Wiese et al., 2013). Both fused hexactinellid 
skeletons (Aphrocallistes) and undetermined lychniscosan 
sponges (Hexactinellida, Lychniscosida), along with mega-
clone, dicranoclone, and tetraclone desmas of undetermined 
lithistids, as well as astrophorid triaenes (Demospongiae, 
Astrophorida), were studied. 

Additionally, Lower Cretaceous hexactinellid spicules 
from northern Spain were examined. These represent the 
only spicules studied that come from limestones tectonic- 
ally involved in the Spanish Pyrenees (Lagneau-Hérenger, 
1962).

Jurassic spicules

The samples were collected from the following loca-
tions: 1) Trzebinia (Poland) – Sponge Marly Limestones, 
Middle Oxfordian, Transversarium Zone (Trammer, 1989);  
2) Zalas (Poland) – Jasna Góra Beds, marls and limestones 
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of the Middle Oxfordian, Plicatilis Zone (see Matyja and 
Tarkowski, 1981; Trammer, 1982; Matyja, 2006; Matyja et al.,  
2006); 3) Wrzosowa (Poland) – Jasna Góra Beds, lime-
stones and marls of the Lower Oxfordian, Cordatum Zone 
(Trammer, 1982; Matyja et al., 2006).

The studied samples primarily contain rhizoclone des-
mas and hexactinellid spicules (Laocoetis and other unde-
termined hexactinosids), with admixtures of “soft” dem-
osponge spicules in some cases. Additionally, diagenetic 
silica embedding rhizoclone desmas was studied. 

Methods

Spicules of extant sponges were cleaned of organic matter 
by heating sponge fragments in hot nitric acid until no fur-
ther reaction was observed. The fossil spicules were extract-
ed from the host rock using different methods, depending 
on the lithology. For the Late Jurassic and Early Cretaceous 
limestones, as well as the Late Cretaceous marls, the calcar-
eous matrix was dissolved using either acetic acid or hydro-
chloric acid. In contrast, the Eocene samples, composed of 
soft sediments, required only simple washing. The spicules 
were then manually picked under a binocular microscope 
and classified, on the basis of their external appearance 
(translucent, opaque, or white) and systematic position.

The structural details of silica in the spicules, includ-
ing surface features and broken transverse sections, were 
analyzed using a scanning electron microscope (SEM), 
while their mineral composition was determined via X-ray 
diffraction (XRD). FWHM (full width at half maximum) 
values of diffractograms were used in the interpretation of 
the various mineralogical phases of silica (Herdianita et 
al., 2000a, b). 

The mineralogical composition of spicules was then 
correlated with structural features. To examine the internal 
structures in greater detail, opaque and white spicules from 
the Eocene of Australia were etched in NaOH for 48 hours 
to expose the internal features. 

Samples prepared for SEM structural observations were 
sputter-coated with platinum and examined at 25 kV, using 
a Philips XL-20 scanning electron microscope at the Insti-
tute of Paleobiology in Warsaw. Over 260 SEM photos were 
analysed. 

XRD analyses of 43 samples were performed using  
a powder diffractometer, X’Pert PRO MPD (PANalytical 
B.V., Netherlands), with the DSH method at the Laboratory 
of Electron Microscopy, Microanalysis, and X-ray Diffrac-
tion, Faculty of Geology, University of Warsaw. The mea-
surements were conducted in the 2θ range of 6–90° with 
a step size of 0.026°. Powder samples were sealed in capi- 
llaries, made of non-reflecting glass with an inner diameter 
of 0.5 mm. CoKα radiation was used, with operational pa-
rameters of 35 mA and 40 kV. Data acquisition was carried 
out with a fast linear PIXcel detector, and the total measure-
ment time per sample was six hours. XRD data processing 
was performed using WinPLOTR (Roisnel et al., 2001) or 
Fullprof suite software.

The terminology, classification, and interpretation of 
silica phases follow the studies of siliceous sinters and 

other sedimentary siliceous deposits (Jones and Segnit, 
1971; Flörke et al., 1991; Elzea et al., 1994; Graetsch, 1994; 
Guthrie et al., 1995; Elzea and Rice, 1996; Herdianita et al., 
2000a, b; Ilieva et al., 2007; Lee, 2007; Ghisoli et al., 2010; 
Wilson, 2014; Frölich, 2020). Additionally, interpretations 
are based on research on siliceous sinters diagenesis (Lynne 
and Campbell, 2003, 2004; Rodgers et al., 2004; Lynne  
et al., 2005, 2007; Jones and Renaul, 2007; Jones, 2021),  
as well as studies of common and precious opals (Liesegang 
and Milke, 2014 and Liesegang et al., 2018). 

AN INTRODUCTION  
TO THE STRUCTURE AND  

MINERALOGY OF RECENT  
SPONGE SPICULES

Recent sponge spicules typically show a layered struc-
ture (Fig. 1C–H), made of silica nanogranules (Fig. 1C–E, I;  
Pisera, 2003; Uriz et al., 2003; Woesch et al., 2006) that 
is well visible after nitric acid treatment that oxidizes or-
ganics. Nanogranule size varies among sponges and even 
within individual spicules (Pisera, 2003; Fig. 1D). Spicule 
structures differ in hexactinellids (Fig. 1G, H), demosponges 
(Fig. 1C, F), and lithistids (Fig. 1D, E), potentially affecting 
diagenesis (Pisera, 2003; Weaver et al., 2003; Woesch et al.,  
2006; Pisera et al., 2021). Hexactinellid spicules show more 
regular layering, with distinct, separable layers (Sandford, 
2003; Woesch et al., 2006; Fig. 1G, H). In contrast, regular 
demosponge spicules lack clear layers, displaying instead  
a concentric arrangement of nanospheres and larger gran-
ules (Fig. 1). Lithistid spicules also exhibit concentric struc-
tures, though often irregular (Fig. 1D, E), with smaller, 
denser granules in the outer layers and larger or hollow ones 
toward the central part. This pattern suggests different silica 
depositional processes (Fig. 1D; Pisera, 2003; Pisera et al., 
2021; Shimizu et al., 2024). 

An axial canal, resulting from the removal of the organic 
axial filament, can be observed in the central region of the 
spicules (Fig. 1A–C), except in some lithistids. The canal  
shape varies from triangular in typical demosponges  
(Fig. 1B, C) to square in hexactinellids (not shown). Regard-
less of their taxonomic position – whether lithistid desmas, 
other demosponge spicules, or hexactinosan skeletons – 
these specimens remain glassy and translucent, even after 
decades in collections. 

X-ray diffraction of spicules reveals broad peaks near 
25.54–25.82° 2Θ (Fig. 2; Tab. 1), indicating poorly crystal-
line silica, typical of opal-A (Jones and Segnit, 1971; Elzea 
et al., 1994; Herdianita et al., 2000a, b; Lynne et al., 2005, 
2007, 2008; Lee, 2007; Liesegang et al., 2018).

Results
Eocene spicules from SW Australia

Only demosponge spicules – both lithistid and non-lithis-
tid – were available for the study. They are glassy, opaque, 
and milky, with some spicules showing both translucent and 
opaque/white regions.
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Table 1

 Mineralogy of  Recent and fossil sponge spicules, as revealed by X-ray analysis (taxonomy and terminology  
of spicules after Hooper and Van Soest, 2002 and Łukowiak et al., 2022b).

No. Description Pos.  
[°2Th.]

FWHM  
[°2Th.]

d-spacing 
[A]

Mineralogy

18-11 Recent (SW Pacific), dicranoclone lithistid desmas 
(Demospongiae)

25.66 7.84 4.028 Opal-A

18-13 Recent (Indian Ocean), fused skeleton of Laocoetis 
(Hexactinellida)

25.81 7.78 4.005 Opal-A

18-16 Recent (SW Pacific), petrosid demosponge 
(Demspongiae)

25.77 7.67 4.011 Opal-A

18-15 Recent, fused skeleton of Aphrocallistes (Hexactinellida) 25.77 7.57 4.012 Opal-A

18-12 Recent (Indian Ocean), Laocoetis fused skeleton 
(Hexactinellida) 

25.78 7.48 4.009 Opal-A

18-14 Recent, rhizoclone desmas (Demospongiae) 25.54 7.40 4.047 Opal-A
ST-10 Recent, Indonesia, Tedania (Demospongiae) 25.82 7.35 4.003 Opal-A
ST-66 Eocene, Ukraine, triaenes (Demospongiae), glassy 25.37 7.09 4.074 Opal-A
ST-67 Ukraine, triaenes (Demospongiae), glassy 25.43 6.89 4.064 Opal-A

ST-86 Eocene, Ukraine, various spicules (Demospongiae), 
glassy

25.35 6.88 4.076 Opal-A

ST-58 Eocene, Australia, megaclone desmas (Demospongiae), 
glassy

25.47 6.93 4.058 Opal-A

ST-62 Eocene, Australia, rhizoclone desmas (Demospongiae), 
glassy

24.98 6.40 4.135 Opal-A/CT?

18-08 Eocene, Australia, various spicules, (Demospongiae), 
glassy

25.34 6.35 4.078 Opal-A

18-17 Eocene, Australia, lithistid desmas (Demospongiae), 
glassy

25.16 5.54 4.107 Opal-A/CT?

ST-60 Eocene, Australia, megaclone desmas (Demospongiae), 
milky to opaque 

24.85 1.58 4.157 Opal-CT

ST-63 Eocene, Australia, megaclone desmas (Demospongiae), 
milky/opaque 

24.91 1.24 4.147 Opal-CT

ST-71 Eocene, Australia triaenes (Demospongiae), opaque 24.93 1.34 4.145 Opal-CT
St-50 Eocene, Australia, megaclone desmas  

(Demospongiae), opaque 
24.88 1.19 4.152 Opal-CT

ST-52 Eocene, Australia, megaclone desmas  
(Demospongiae), white iridescent 

24.82 7.11 4.162 Opal-A/CT

ST-64 Eocene, Australia, megaclone desmas  
(Demospongiae), white iridescent 

24.94 6.70   4.143 Opal-A/CT

ST-57 Cretaceous, Germany, dicranoclone desmas 
(Demospongiae)

25.17    1.02    4.105 Opal-CT

ST-101 Cretaceous, Germany, megaclone desmas  
(Demospongiae)

24.99    1.09    4.135 Opal-CT 

18-05 Cretaceous, Germany, calthrops (Demospongiae) 25.04    0.95    4.126 Opal CT 

18-04 Cretaceous, Germany, Aphrocallistes fused skeleton 
(Hexactinellida)

23.99
25.03    
    

30.80    

0.76    
0.74    

0.28    

4.303
4.128

3.368

Opal-CT 

Quartz

21-06 Cretaceous, Germany, lychniscosan fused skeleton 
 (Hexactinellida) 

24.23    
25.25    

31.03

0.26
0.87

0.18

4.263
4.092

3.35

Quartz
Opal-CT

Quartz
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No. Description Pos.  
[°2Th.]

FWHM  
[°2Th.]

d-spacing 
[A]

Mineralogy

18-02 Jurassic, Poland (Zalas) rhizoclone lithistid desmas 
(Demospongiae) 

25.14    
23.90

  
30.81

0.95    
0.71    

0.27    

4.110
4.320

3.368

Opal-CT

Quartz

21-03 Jurassic, Poland (Zalas) hexactinosan fused skeleton  
(Hexactinellida) 

24.22    
25.23       

31.00   

0.57    
0.80   

0.16   

4.264
4.095

3.347

Opal-CT

Quartz

18-03 Jurassic, Poland (Trzebinia), Laocoetis fused skeleton 
(Hexactinellida)

24.14    

30.81    

0.18    

0.26   

4.278

3.368

Quartz

Quartz

ZA-4 Jurassic, Poland (Zalas), diagenetic silica (precipitate) 24.06        

30.84    

0.19 

0.23    

4.292

3.364

Quartz

Quartz

Translucent non-lithistid spicules have smooth surfaces  
with rare conchoidal etchings. At low magnification, cross- 
sections appear structureless, though concentric layering is 
visible (Fig. 3A, B). The axial canal is round and well vis-
ible (Fig. 3A), occasionally slightly triangular  (Fig. 3B) in 
non-lithistids.

Opaque non-lithistid spicules show a rough surface due 
to their silica nanogranules. Cross-sections exhibit 5–10 µm 
microspheres, made of ~100 nm nanogranules and rods, 
embedded in the surrounding nanogranular matrix (70– 
150 nm in size; Fig. 3C–E). White non-lithistid spicules 
show a nanogranular structure of the outer layer (with some 
remnants of amorphous, smooth (glassy) silica; Fig. 3G), 
with silica microspheres protruding through (intersecting 
with) the surface (Fig. 3G–I) from the inside.

The white (milky) desma spicules of a lithistid Pleroma 
exhibit varying degrees of diagenetic alteration. Some of 
them have smooth surfaces with fissures. Fractured sec-
tions show an outer dense silica layer and an interior filled 
with 5–6 µm microspheres, separated from the matrix by 
small gaps (Fig. 4AC). Microspheres consist of 50–100 nm 
nanogranules (Fig. 4D) that cluster together. The matrix is 
also nanogranular (~100 nm), forming clusters interspersed 
with evenly distributed 30–40 nm nanopores (Fig. 4E, F). 
No original structures, including the axial canal, remain 
in these spicules, but Pleroma spicules lack an axial canal 
originally. In some cases, a sharp boundary divides translu-
cent and milky regions within a spicule. 

Cloudy or opaque Pleroma spicules exhibit rough sur- 
faces, due to nanogranules (90–150 nm) and their aggregates. 
Some microspheres protrude through holes in the outer sur- 
face of the spicules (Fig. 5A, B). These are made of 
nanogranules of similar size (Fig. 5B). Fractured sections re-
veal irregularly clustered 4–15 µm microspheres within silica 
nanogranules (Fig. 5C, E, F). These contain well-defined, 
spherical or slightly elongated nanogranules (100–200 nm; 
Fig. 5G–I). No original internal structures are preserved.

White/milky spicules of Pleroma were also studied after 
etching in NaOH to reveal their silica structure. They show 

a dense, smooth, slightly cracked outer layer and a core of 
2–10 µm microspheres (Fig. 6A, B). The outer crust, up to 
6 µm thick, has round surface holes (~5 µm) that reveal 
internal microspheres (Fig. 6B, C). At low magnification, 
the surface appears smooth (Fig. 6B), but closer inspection 
reveals shallow, rounded etchings (Fig. 6C, D). The outer 
layer consists of coalescing ~50 nm nanogranules with sim-
ilarly sized dispersed holes (Fig. 6D), and cross-sections 
show nanogranular layering (Fig. 6K, L).

Between microspheres, matrix remnants (removed 
by NaOH) contain 50–100 nm nanogranules (Fig. 6E, J). 
Larger microspheres have a porous outer crust of irreg-
ularly aligned nanogranules, forming contorted lamellae 
(Fig. 6E–H); their interiors are solid amorphous silica with 
few cracks (Fig. 6F, H, I). Smaller microspheres exhibit  
a spongy structure, made entirely of contorted lamellae of 
aligned nanogranules (Fig. 6G).

White iridescent spicules, all from a single specimen of 
Pleroma, differ from typical white spicules in displaying  
a dense network of surface fissures (Fig. 7A, B). Aside from 
these V-shaped, deep fissures, their surfaces remain smooth. 
The outer layer comprises irregular silica units, composed 
of coalescing nanogranules, 0.3–2 µm in diameter (Fig. 7C). 
Naturally broken cross-sections of these spicules reveal  
a porous core and a solid outer crust (~5–6 µm thick), with 
fissures confined to the crust (Fig. 7D). The crust is char-
acterised by a clear nanogranular structure (~100 nm gran-
ules) and a well-defined boundary with the core, separated 
by a narrow transitional zone with sparse pores (Fig. 7E, F).  
Beneath the outer layer, the highly porous (foamy) core con-
tains irregular pores, mostly 0.2–0.4 µm in diameter, with 
some up to 2–3 µm (Fig. 7G–I). The outer layer shows irreg-
ular, discontinuous layering (Fig. 7G), while the core silica 
is completely amorphous (Fig. 7I).

XRD analysis of noniridescent spicules produced diffrac-
tograms (samples 18-08, ST-58; Fig. 8), showing broad bands 
centred at 25.34–25.47° 2Θ (Fig. 8; Tab. 1), with FWHM and 
d-spacing values, characteristic of opal-A (Tab. 1). Others 
(e.g., ST-71, ST-50, ST-63, ST-60) show sharper, broad peaks 
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Fig. 1.	 Structure of extant sponge spicules. A. The axial canal of the lithistid demosponge ectosomal spicule is clearly visible within 
the spicule’s arms. The canal extends along the entire length of the arm, with evident silica layering (transmitted light). B. Triangular axial 
canal of a non-lithistid demosponge spicule; natural broken surface. C. Cross-section of a demosponge spicule, showing a triangular axial 
canal and faint concentric layering, composed of silica nanogranules; natural broken surface. D. Different structural zones in a choano-
somal desma spicule: a dense outer zone and a more porous inner zone. The outer part consists of regular layers of silica nanogranules; 
broken surface after treatment with nitric acid. E. Close-up of irregular layers in a desma spicule, composed of silica nanogranules; broken 
surface after treatment with nitric acid. F. Surface of a growing demosponge spicule, showing superimposed layers (marked with 1, 2, 3)  
that vary in silica sphere size and porosity – larger spheres and higher porosity in the inner layer, smaller spheres and lower porosity 
in the outer layer. G. Broken basal spicule of Hyalonema (Hexactinellida), displaying well-developed layering. H. Etched cross-sec-
tion of Aphrocallistes (Hexactinellida), revealing a fused dictyonal skeleton with enlarged axial canals and distinct concentric layering.  
I. NaOH-etched fragment of the basal spicule of Monorhaphis (Hexactinellida), highlighting its granular nanostructure.

with a shoulder toward the lower angles, narrow FWHM, and 
d-spacing consistent with opal-CT (Elzea et al., 1994; Rod- 
gers et al., 2004; Lynne et al., 2005, 2007, 2008; Wilson, 2014; 
Liesegang et al., 2018). A minor peak at ~41.5°2Θ (2.5247 Å)  
also indicates opal-CT. Some diffractograms (e.g., ST–62) 
display broad bands with distinct peaks – high FWHM 
(opal-A), but d-spacing closer to opal-CT – indicating opal-A/
CT mixtures. Sharp quartz peaks (~31°2Θ) in some samples 
are attributed to contamination.

XRD diffractograms of fissured iridescent spicules dis-
play broad peaks, indicative of opal-CT, but with FWHM 
values closer to opal-A (Fig. 9; Tab. 1).

Eocene spicules from Ukraine

Only demosponge spicules, both lithistid and non-lithis-
tid, were available for the study. Two types of preservation 
were identified: glassy and milky (white), with some spic-
ules showing both translucent and white regions.

Translucent (glassy) spicules frequently have surfaces  
densely covered with shallow conchoidal depressions  
(a few micrometres wide). Fractured sections reveal  
a round axial canal, up to 30 µm in diameter (Fig. 10A), 
and concentric layering at lower magnifications (Fig. 10C); 
at higher magnifications, the silica is dense and consists of 
coalescing nanogranules (50–70 nm; Fig. 10B).
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Fig. 2.	 Typical selected X-ray diffractograms of  Recent spicules 
from different extant sponge groups (for sample characteristic see 
Table 1). O-A opal-A.

Fig. 3.	 Eocene nonlithistid demosponge spicules from SW Australia. A, B. Well-preserved translucent spicule, showing original lay-
ering and preserved axial canal (already enlarged and rounded, but with traces of original triangularity). C, D. General view of bro-
ken section of opaque spicule with preserved axial canals and showing microspheres of silica in matrix, composed of nanogranules.  
E. Enlargement of (D) showing details of matrix, composed of nanogranules and microsphere (right corner), also composed of nano-
granules. F, G. Milky/white spicules; details of spicule surface, showing nanogranular matrix and microspheres with remnants of smooth 
(glassy) silica and intersection of microspheres formed inside the spicule with its surface; note that microspheres formed inside are com-
posed of almost smooth silica. H, I. Spicule surface, showing nanogranular structure of outer layer intersecting with silica microspheres 
from inside the spicule: (I) magnification of (H), showing the contact between the outer layer (left), composed of nanogranules, and the 
surface of the microspheres from inside the spicule (right); note that the microspheres are nearly smooth.

The surface of white (milky) spicules ranges from near-
ly smooth (Fig. 10E) to rough due to a granular structure  
(Fig. 10F, G) and is composed of coalescing nanogranules 
of various sizes. Microspheres from the interior intersect 
with this surface. The interior may consist of structureless 
(smooth) silica (likely corresponding to opal-A), inter-
spersed with silica microspheres (Fig. 10D, E), or more 
commonly, it exhibits a nanogranular matrix with gran-
ules measuring ~100–200 nm, containing dispersed silica 
microspheres (Fig. 10H, I) and remnants of structureless 
(smooth) silica (Fig. 10I). Traces of original layering (Fig. 
10D, E) and an enlarged, round axial canal are usually 
present (Fig. 10H). 

Microspheres vary in size from 5 to 12 µm and consist 
of nearly structureless silica (Fig. 10F, I) or nanorods finer 
than the surrounding matrix (Fig. 10F).

XRD analysis, limited to translucent spicules due to the 
scarcity of other types of preservation, showed broad dif-
fractograms centred at 25.35–25.43°2Θ (Fig. 11; Tab. 1),  
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with FWHM and d-spacing typical of opal-A. A sharp 
peak at ~31°2Θ was also present, attributed to quartz 
contamination.

Late Cretaceous spicules

All Late Cretaceous spicules from Germany are opaque 
or white, lacking internal structures, except for the axial ca-
nal. Under transmitted light, spherical silica bodies are visi-
ble inside. Spicule surfaces are smooth or, more frequently, 
show angular depressions (Fig. 12A, H); where preserved, 
surfaces are smooth or covered with criss-crossing silica 
blades of aligned nanogranules (Fig. 12B, G, H) resembling, 
but less ordered than the opal-CT in lepispheres. Depres-
sions expose clusters of nanogranules (50–100 nm; Fig. 12I).

A rim (0.7–1 µm thick) of criss-crossed bladed silica, 
composed of aligned nanogranules (100–150 nm), lines the 
axial canal (Fig. 12C, D). Cross-sections of other spicules 
reveal irregular silica blocks (1–2 µm), formed by coalesc-
ing nanogranules (~50–100 nm; Fig. 12D–F).

Some non-lithistid Late Cretaceous demosponge spic-
ules have smooth surfaces with nanogranules and clusters  
(Fig. 13A, B); round holes expose well-developed inter-
nal lepispheres (2–5 µm; Fig. 13A, C). Lithistid (Plero-
ma) spicules differ, featuring a smooth outer nanogranular 
layer (50–100 nm; Fig. 13G, H) and internal microspheres 
(incipient lepispheres?) with aligned nanogranules, but no 
clear lamellae (Fig. 13H). Fractured surfaces reveal micro-
spheres (up to 10 µm), made of embedded nanogranules 
(Fig. 13K, L). 

Most X-ray diffractograms of the Late Cretaceous spic-
ules show broad, strong peaks (24.99°–25.17° 2θ) with nar-
row FWHM and d-spacing values (Fig. 14; Tab. 1), typical 
of opal-CT, and a smaller opal-CT peak at ~42° 2θ. Some 
samples also show a minor quartz peak at ~31° 2θ.

One sample (no. 21–06; Fig. 14, Tab. 1) differs, with sharp 
quartz peaks (~31° and 24.22° 2θ) and a weak low-cris-
tobalite peak at ~25.25° 2θ. The other sample (no. 18–04;  
Fig. 14) is intermediate, showing a strong quartz peak 
(~30.80° 2θ) and double peaks (~23.99° and 25.03° 2θ) for 
quartz and low-cristobalite (Fig. 14; Tab. 1). Most samples 
also display a low-cristobalite peak at ~41.5° 2θ.

Early Cretaceous spicules

 The present study is based on a single, exceptionally 
well-preserved fused hexactinellid skeleton, limiting its 
analysis to SEM observations. 

Fine external sculpture details are visible at low magni-
fication (Fig. 15A, B). Closer examination shows 1–2 µm  
euhedral quartz microcrystals on the spicule surface  
(Fig. 15C, D) and within the enlarged axial canal (Fig. 15E). 
The spicule interior consists of compact silica, made of  
~100 nm nanogranules (Fig. 15E, F). No layering is  
observed, but a central axial canal is present.

Late Jurassic spicules

Both Late Jurassic hexactinellid and lithistid demosponge 
spicules were studied. The lithistid spicules are exclusively 

Fig. 4.	 Milky/white spicule of lithistid sponge Pleroma, Eocene, SW Australia. A. Broken cross-section, showing the absence of  
primary structures (e.g., axial canal or layering) and the presence of numerous silica microspheres. B, C. Close-up views of (A), high- 
lighting microspheres embedded in the nanogranular matrix; note the consistent presence of a narrow space between the spheres and  
the surrounding matrix. D. Enlarged view of a microsphere’s surface, revealing its composition of nanogranules. E, F. Details of the na-
nogranular matrix, with (F), showing numerous nanopores.
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Fig. 5.	 Eocene opaque spicules of lithistid demosponge (Pleroma), SW Australia. A. Surface of an opaque spicule, showing an outer 
layer composed of nano- and microspheres, interspersed with larger microspheres from the spicule’s interior. B. Close-up of (A), highlight-
ing nanogranules and microspheres (composed of nanogranules) in the outer layer of the spicule, with some clustering of nanogranules vis-
ible. C. Transverse broken surface, revealing microspheres of various shapes and sizes, embedded in a nanogranular matrix. D. Magnified 
view of microspheres from (C), showing their nanogranular composition. E, F. Broken cross-section of the spicules, displaying numerous 
hemispheres and spheres of silica embedded in a silica nanogranules matrix. G. Surface details of a microsphere from (F), showing its 
nanogranular composition. H, I. Detailed views of another microsphere’s surface, revealing both nanorods and nanogranules of silica.

rhizoclones, originally lacking an axial canal. Their mor-
phology is generally well-preserved, with intact spines in 
some areas and rough, porous surfaces elsewhere, showing 
irregular nanogranule clusters (~100 nm) and larger aggre-
gates (Fig. 16D, E). Rhizoclone cross-sections reveal a dense 
outer rim (~5 µm thick) of nanogranules and their clusters, 
with a more porous interior, composed of sharp-edged na-
nogranule clusters (70–150 nm; Fig. 16F). These spicules 
are frequently embedded in silica deposits (chert), exhibit-
ing incipient crystalline faces (Fig. 16A–C). Natural spicule 
surfaces in some cases show aligned silica nanogranules  
(Fig. 17), resembling those in Late Cretaceous spicules.

Hexactinellid spicules (from a dictyonal fused skeleton) 
are from well-preserved specimens with intricate surface 
details. Different preservation stages coexist within frag-
ments, from pristine to strongly etched areas (Fig. 18A). 
Axial canals are often enlarged but well-defined (Fig. 18E). 

Surfaces range from rough (Fig. 18B) with incipient micro-
quartz units (~1–1.5 µm; Fig. 18C) to smooth in less corroded 
zones (Fig. 18D) that at high magnification shows a compact 
nanogranular structure with nanogranules (~150–200 nm).  
Such compact zones in cross-section display an outer com-
pact crust (~3 µm thick) with faint layering (Fig. 18E, F), and 
a porous core with nano- to microclusters (0.7–1 µm) com-
posed of clustered nanogranules (70–100 nm; Fig. 18E, F). 
In some regions, both exterior and interior reveal incipient 
microquartz crystals (~0.5–1 µm), formed of nanogranules 
(90–140 nm; Fig. 18H, I). In another specimen, no internal 
structure is preserved; these spicules are highly porous, con-
taining irregular hemi/microspheres internally (Fig. 16G, H), 
and an outer layer of euhedral nanoquartz (500–750 nm), 
mixed with silica nanogranules (~100–250 nm; Fig. 16I).

The majority of the samples exhibited X-ray diffrac-
tograms with primary strong peaks at approximately 



10 A. pisera Et Al.

Fig. 6.	 Eocene white spicules of a lithistid demosponge (Pleroma), after etching in NaOH, SW Australia. A. Broken cross-section of 
the spicule, revealing numerous microspheres. B. Smooth surface of the same spicule, showing round holes with microspheres visible 
inside. C.  Close-up of (B), highlighting the etched surface and microspheres forming the interior. D. Enlarged view of the outer layer 
of the spicule, showing visible nanogranules. E.  Microsphere within the spicule’s interior; its core appears amorphous, while the outer 
part consists of aligned nanogranules in vermiform chains, resembling but less organized than the blades in lepispheres. Remnants of the 
silica nanogranules matrix are also visible. F. Surface details of the spheres from (E), showing an irregular arrangement of nanogranules 
in vermiform chains. G. Large microsphere (left), similar to (F), along with smaller microspheres (top right), composed entirely of aligned 
nanogranules. Remnants of the nanogranular matrix are visible at the bottom centre. H. Detailed view of the sphere from (F), showing an 
amorphous centre  and a porous outer layer, composed of irregularly aligned nanogranules, possibly forming incipient hemisphere blades. 
I. Central part of the spheres from (G) and (H), highlighting their amorphous nature. J. Nanogranular matrix embedding the microspheres. 
K. Marginal section of the spicules, showing microspheres within solid silica and a clearly layered outer structure. L. Close-up of the 
outermost spicule layer, showing layering and nanogranules.
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30.81–31.84° 2Θ with narrow FWHM and d-spacing (Fig. 19;  
Tab. 1), corresponding to quartz. An additional peak around 
58° 2Θ, characteristic of quartz, is also observed, along with 
a weak peak near 42° 2Θ, indicative of low-cristobalite. 
Two samples (no. 21-03 and 18-02; Fig. 19; Tab. 1) show 
divergent patterns, marked by two distinct broad peaks at 
23.90–24.22° and 25.14–25.23° 2Θ, plus a low-intensity 
peak around 42° 2Θ (≈2.50 Å), characteristic of opal-CT 
(Jones and Segnit, 1971; Elzea et al., 1994). A narrow quartz 
peak at 30.81–31.84° 2Θ (3.35 Å) is also present.

The diagenetic silica precipitate (sample no. ZA-4), 
featuring a cauliflower surface with embedded spicules 
(Fig. 16A–C), shows a sharp quartz peak at 30.84° 2Θ and  
a smaller, very narrow peak at 24.06° 2Θ (Fig. 19; Tab. 1). 
A weak peak near 22.4° 2Θ (d=4.6 Å; not shown), inter- 
preted as moganite (Rodgers and Cressey, 2001; Sitarz  

et al., 2014), appears in this sample and in some quartz 
spicule samples.

Discussion
Recent spicules

In Recent sponge spicules, the axial canal may appear 
round due to etching of organic material during preparation. 
In fossil spicules, axial canals are typically larger and more 
rounded (Figs 7, 12), reflecting diagenetic removal of silica 
from the canal walls. This process, linked to their higher  
organic content and less massive silica, renders these re-
gions more susceptible to alteration. High porosity in 
the central parts of lithistid spicules treated with HNO₃  
supports the idea that this porosity results from the 

Fig. 7.	 Eocene lithistid demosponge Pleroma spicules, from SW Australia, interpreted as affected by bush fire. A. External view of 
spicules, showing a cracked surface. B. Close-up of surface cracks in the spicules. C. Silica structure on the spicule surface, highlighting 
irregular silica units, formed by coalescing nanogranules. D. Broken cross-section, revealing distinct silica structures: a denser, cracked 
outer zone and a layered inner zone. E. Magnified view of (D), showing the boundary between the outer and inner zones; the outer zone 
consists of very dense silica, while the inner zone exhibits nanoporosity. F. Detailed view of the boundary, emphasizing the contrast  
between the dense silica nanogranules of the outer zone and the porous silica of the inner zone. G. Further details of the boundary,  
reinforcing the distinction between the dense outer zone and the porous inner zone. H, I. Interior details of the spicules, revealing  
a ‘spongy’ structure with nanoporosity; apart from this, the silica appears amorphous.
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Fig. 8.	 Typical selected X-ray diffractograms of Eocene 
spicules from SW Australia (for sample characteristic see Table 1).  
O-A opal-A, O-CT opal-CT.

Fig. 9.	 X-ray diffractograms of the white iridescent Eocene 
spicules from SW Australia (for sample characteristic see Table 1). 
O-A opal-A.

oxidation of organic matter. Under SEM, this porous core in  
lithistid spicules corresponds to the brownish, murky zone, 
seen in transmitted light microscopy (Pisera, 2003).

XRD studies on Recent sponge spicules are limited by 
insufficient details (Sandford, 2003) or generalization,  
focusing only on broad opal-A peaks without specific 
parameters (Masse et al., 2016; Arasuna et al., 2018), with 
the exception of Stamm et al. (2025). Most studies indicate 
that spicules in siliceous sponges are composed of opal-A. 
In contrast, Dudik et al. (2021) reported cristobalite, but 
after calcination at 800 °C for six hours, a treatment 
that is known to transform opal-A into low-cristobalite  
(Xue et al., 2015).

In sedimentary opal-A, broad peaks are centred at 3.93–
4.13 Å (Elzea et al., 1994; Elzea and Rice, 1996; Herdianita 
et al., 2000a, b; Lynne and Campbell, 2003, 2004; Rod- 
gers et al., 2004; Lynne et al., 2005, 2007, 2008; Ghisoli 
et al., 2010; Liesegang and Milke, 2014; Liesegang et al., 
2018). All Recent spicules studied show highly consistent 
parameters, regardless of taxonomy (Tab. 1), indicating 
no taxonomic control over mineralogy. NMR studies also 
 reveal similar silica condensation levels (Masse et al., 
2016). However, Recent spicules show slightly lower 
FWHM values than those of sedimentary opal-A, with 
peak positions at lower angles and higher d-spacing. This 
may reflect their nature as biocomposites, rather than pure 
silica (Ehrlich and Worch, 2007; Ehrlich et al., 2008; 
Müller et al., 2008; Wang et al., 2010). The FWHM values 
of the studied spicules fit very well with those reported by 
Stamm et al. (2025), but the d-spacing values are slightly 
higher, consistently above 4 Å.

Eocene spicules

Opal-A in glassy/translucent spicules (Tab. 1; Figs 8, 11) 
show FWHM values slightly lower than in Recent spic-
ules, but d-spacing values higher, suggesting early miner-
alogical reordering, despite the lack of obvious morpho-

logical modifications. Surface corrosion likely results from  
diagenetic etching or early marine dissolution (Bertolino 
et al., 2017).

Sample ST-62, also glassy, displays intermediate pa-
rameters between opal-A and opal-CT (Tab. 1), inter- 
preted as a mix, dominated by opal-A (Graetsch et al., 1987; 
Graetsch, 1994; Lynne and Campbell, 2004; Rodgers et al., 
2004; Lynne et al., 2005, 2008; Liesegang et al., 2018). 
Lynne et al. (2007) linked such diffractograms to aligned 
nanogranules (opal-CT), but we suggest that these reflect 
coexisting micropatches of opal-A and opal-CT, supported 
by glass-like and granular domains within single samples  
(Figs 3F, G; 10I).

SEM and XRD data indicate that the earliest macro-
scopic sign of silica reordering of opal-A spicules is their 
transition from translucent to a white or milky appearance. 
Translucent spicules are compositionally homogeneous 
(Figs 3A, B; 10A–C); white ones are heterogeneous, with 
microspheres of various sizes in a nanogranular matrix  
(Fig. 4A–C). The microspheres cause light refraction at 
their surfaces, resulting in a milky appearance.

Round surface holes reveal underlying microspheres 
(Figs 3D, F, G–I; 6B, C), likely formed by internal micro-
sphere growth at the expense of the outer silica, rather than 
corrosion. 

Etching white spicules reveals microspheres with ho-
mogeneous cores and outer crusts of aligned nanogran-
ules in vermiform chains (Fig. 6E–I), resembling incipient 
lepispheres. These are embedded in silica nanogranules, 
separated from them by narrow voids (Figs 3F–I; 4B, C), 
suggesting maturation-related reorganization via solid state 
(no involvement of dissolution and precipitation in a void) 
transformation.

The transition from opal-A to opal-CT involves wa-
ter loss and volume reduction (Jones and Renaut, 2007; 
Jones, 2021), leading to narrow gaps between micro-
spheres and the matrix, and potentially forming nanopores 
(Fig. 3E, F, I). Similar nanogranule alignment during  
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Fig. 10.	 Eocene demosponge spicules from Ukraine. A–C. 
Cross-section of a translucent (glassy) soft demosponge spicule 
composed of amorphous silica (B). A round axial canal is visible 
(A, C), along with traces of original layering. D, E. Cross-section 
of white spicules with a modified axial canal (E). Smooth (glassy) 
silica coexists with granular silica (microspheres). The centre  of 
the spicules is strongly modified and composed of granular silica, 
while the outer part remains structureless and retains traces (D) of 
the original layering. F. Surface of a white (milky) spicule, show-
ing larger microspheres from the interior visible through surface 
holes, which are composed of smaller micro- and nanogranules. 
G. Coalescing aggregation of nanogranules, forming the spicule’s 
surface layer, along with large interior microspheres composed of 
nanorods. H. Natural section of a white (milky) spicule, where 
traces of the original layering remain. The axial canal is great-
ly enlarged, while the spicule consists of larger microspheres of  
varying diameters, similar to (F–G) and coalescing aggregates  
of nanogranules. I. Natural cross-section, showing a large mi-
crosphere, composed of nanogranules, embedded in a matrix of  
coalescing aggregates; remnants of smooth (glassy) silica are  
visible in the lower left.

Fig. 11.	 Typical selected X-ray diffractograms of Eocene 
spicules from Ukraine (for sample characteristic see Table 1). 
O-A opal-A, Q quartz.
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opal-A reorganization into opal-CT has been observed in 
sinters (Lynne et al., 2005).

Silica microspheres and microhemispheres in nanogranu-
lar matrices – seen in modified Eocene spicules from Austra-
lia – resemble structures from New Zealand sinters (Jones, 
2021), previously interpreted as opal-A in opaline cement. 
However, XRD confirms these Australian spicules are opal-
CT, indicating a diagenetic origin. Unlike sinter cements, 
the opal-CT formed internally within spicules via nanoscale 
reorganization, without signs of dissolution or reprecipita-
tion – a process akin to silica “neomorphism,” similar to cal-
cium carbonate neomorphism (Du and Amstad, 2020). This 
transformation may parallel the “sphere pathway” of opal-A 
to quartz (Lynne and Campbell, 2004), though, unlike hol-
low sinter spheres, the spicule microspheres are solid.

Milky (altered) and translucent (unaltered) silica can  
coexist within one specimen or even a single spicule – 
also observed in the Eocene spicules from Italy (Frisone  
et al., 2014) – implying dominant intrinsic, rather than en-
vironmental control. Microspheres form internally within a 
matrix of nanogranules, not externally, indicating that dia-
genesis initiates from the porous centre rather than outside, 
progressing in a nearly closed system of a spicule via sol-
id-state transformation. In the case of dissolution and repre-
cipitation, dissolution must start at the surface (with diage-
netic fluids originating from the surrounding sediments) and 
progress toward the centre.

 Diffractograms of such spicules show broad peaks with 
shoulders toward lower angles, FWHM 1.584°2Θ, and 
d-spacing 4.157 Å (Tab. 1).

Fig. 12.	 Late Cretaceous  hexactinellid spicules and lithistid demosponge spicules from Germany. A, B. Surface of the hexactinellid 
spicule, showing impressions of calcite crystals. Between these impressions, the spicule surface features criss-crossing silica blades 
similar to those in lepispheres (B), composed of linearly arranged nanogranules. C. Transverse section of the spicule, highlighting the dif-
ference between the marginal zone of the axial canal (right), which consists of silica blades, and the central solid part of the spicule (left),  
composed of nanogranules. D. Longitudinal section of the axial canal, revealing irregularly arranged silica blades, composed of nano-
granules, corresponding to the right zone in (C). E, F. Silica structure of the central part of the spicule, seen as large blocks (E) composed 
of silica nanogranules (F). G–I. Surface of the lithistid demosponge spicule, showing imprints of calcite crystals (G); between these, the 
natural surface (raised elements) features bladed silica composed of linearly arranged nanogranules similar to those in lepispheres (H). 
Silica nanogranules are visible on the smooth surface between bladed silica, corresponding to (E).
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Fig. 13.	 Late Cretaceous spicules of soft demosponge and lithistid demosponge from Germany. A. Surface of the spicule displaying 
round holes through which lepispheres from the interior are visible. B. Detailed view of the surface showing nanogranules and coalesced 
nanogranules. C. Enlarged view of lepispheres inside the spicule (from (A)) with well-developed blades. D. Cross-section of the spicule, 
revealing an enlarged rounded axial canal and the absence of other original structures. E. Surface of the spicule with imprints of various 
diagenetic (probably dolomite) crystals (both small and large) from the host sediment. F. Close-up of (E), highlighting the silica nano-
granules forming the spicule. G. Surface of a lithistid spicule, showing round holes with incipient lepispheres from the spicule interior.  
H. Detailed view of (G), showing nanogranules and coalesced nanogranules in the external layer of the spicule, along with aligned nano- 
granules in the incipient lepisphere. I. Another lithistid spicule with imprints of diagenetic calcite crystals from the host rock; note the 
bladed silica on the elevated (original) surface of the spicule. J. Close-up of (I), showing incipient silica blades, composed of aligned  
nanogranules (elevated elements) alongside nanogranules characterizing the spicule interior (depressions in the spicule surface).  
K. Broken transverse section of the spicule, revealing numerous microspheres and the absence of original structures. L. Close-up of (K), 
showing that both the matrix (right) and the microspheres (left) are composed of similar nanogranules.
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Advanced diagenesis yields opaque spicules (e.g.  
ST-63, ST-71, ST-50) with broad XRD peaks, weak shoul-
ders toward lower angles, and FWHM/d-spacing typical 
of opal-CT (Fig. 8; Table 1). Lower FWHM values than 
milky spicules suggest a later diagenetic stage of opaque 
spicules. SEM shows rough surfaces with intersecting mi-
crospheres (Figs 3D, 5A), and interiors are dominated by 
irregular nanogranule-based spheres (Fig. 5C, E, I), indi-
cating a distinct diagenetic pathway, possibly influenced 
by structural factors.

A unique case involves iridescent spicules, derived from 
a single specimen that is blackened at the surface, as are 

the rocks that were exposed to fire. The spicules display 
fissured surfaces and spongy interiors, resembling textures 
produced by acetylene-flame heating (Wang et al., 2010). 
We link these features to bushfire, traces of which we ob-
served in the field (confirmed by a park ranger) in the area, 
where the specimen was collected. During such bushfires, 
temperatures may briefly rise to 800–1,500 °C (DeBano, 
1998). Most likely, the interiors of the spicules – richer in 
organics and composed of larger granules – were more 
strongly altered by high temperatures, whereas the denser, 
less porous exterior remained relatively intact, but became 
fissured. These spicules exhibit broad XRD signals with 
high FWHM (opal-A) and d-spacing values indicative of 
opal-CT (Fig. 9; Tab. 1), resembling opal-A samples heated 
to 1,050 °C (Liesegang et al., 2018).

Most Ukrainian translucent spicules yield XRD patterns 
consistent with opal-A (Fig. 11), with slightly higher FWHM 
than their Australian counterparts, suggesting lower diage-
netic alteration. SEM studies confirm this, showing homo-
geneous, amorphous silica (Fig. 10A–C). Some spicules 
(Fig. 10D–I), however, show advanced transformation – 
microspheres and nanogranules form a matrix, similar to 
the opaque Australian examples. Limited sample volume 
restricts further XRD analysis, but even highly altered 
spicules often retain patches of homogeneous silica (likely 
opal-A), particularly in the less altered outer regions, sup-
porting the internal initiation of diagenesis.

Late Cretaceous spicules

Demosponge spicules are primarily composed of opal-
CT with minor quartz, as shown by XRD data (Tab. 1). 
Some exhibit d-spacing values slightly lower than those 

Fig. 14.	 Typical selected X-ray diffractograms of Upper Creta- 
ceous spicules from Germany (for sample characteristic see  
Table 1). O-CT opal-CT, Q quartz.

Fig. 15.	 Lower Cretaceous hexactinellid spicules from Spain. A, B. Well-preserved hexactinellid skeleton, with even the finest details 
of the spicule sculpture intact. C, D. Well-developed microcrystalline quartz on the spicule surface. E, F. Broken section, showing micro-
crystalline quartz on the surface of the axial canal (E) and massive silica, composed of nanogranules forming the spicule interior (F).
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of the Eocene opal-CT spicules, but significantly reduced 
FWHM values indicate more advanced diagenesis. A more 
pronounced shoulder toward lower angles at ~4.10 Å, com-
pared to the Eocene Australian samples, further reflects sil-
ica maturation.

Hexactinellid spicules (samples 21-06, 18-04; Fig. 14; 
Tab. 1) show the most advanced diagenesis, with quartz 
as the dominant phase and minor opal-CT. Internally, they 
consist of massive, poorly defined units, composed of nano-
granules (Fig. 12C, E, I), consistent with quartz. In contrast, 
aligned nanogranules, forming criss-cross bladed structures 
on surfaces and within axial canals (Fig. 12B, G, H), corre-
spond to opal-CT, fitting the “smooth pathway” model of 
diagenesis (Lynne and Campbell, 2004).

Regular angular surface depressions are interpreted as 
imprints of diagenetic calcite and/or dolomite crystals from 

the host rock. Microspheres, composed of aligned nano-
granules, represent early lepisphere formation (Fig. 13F–I),  
while some spicules show fully developed lepispheres  
(Fig. 13C) inside, and others contain microspheres, em- 
bedded in a nanogranular matrix (Fig. 13K, L). The coexist-
ence of various silica transformation stages within spicules 
of the same age and from the same lithology is another  
proof of the microscale of diagenetic processes.

Because the Late Cretaceous spicules are from museum 
collections, their precise geological context is unknown. 
Thus, it remains unclear whether diagenetic differences 
between demosponge and hexactinellid spicules reflect tax-
onomy or varying preservation conditions, though Jurassic 
spicules suggest that the differences are associated with the 
lithology of the host rock. Similar silica structures, micro-
spheres and lepispheres, as discussed above, were described 

Fig. 16.	 Late Jurassic spicules (desmas) of demosponges and hexactinellids from Poland. A. Rhizoclone desmas, embedded in diage-
netic silica deposit with cauliflower surface. B, C. Close-up of diagenetic silica between the desmas shown in (A), revealing units, 
composed of poorly crystalline (incipient quartz) aggregates nanogranules and nanorods. D, E. Rough, porous desma surfaces, re-
vealing poorly crystalline (incipient quartz) aggregates (D) and larger microspheres inside the spicule, visible beneath the surface (E).  
F. Broken cross-section of a spicule, showing a denser exterior zone and a porous interior zone composed of microgranular quartz.  
G. Broken cross-section of a desma with a completely obliterated original structure, displaying irregular microspheres; note the dense 
outer silica layer. H. Broken cross-section of a spicule with its original structure completely obliterated, showing various silica micro- 
aggregates, including microspheres (right) and microquartz (left). I. Close-up of (H) (left), showing incipient microquartz crystals and 
nanogranules interspersed between them. 
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Fig. 17.	 Natural surface of a Late Jurassic hexactinellid sponge 
with aligned silica nanogranules.

in the Cretaceous spicules from Poland (Jurkowska and 
Świerczewska-Gładysz, 2020, fig. 7A, B; Jurkowska et 
al., 2026, fig. 2E, F, H). However, they were misidentified 
as “botryoidal aggregates” on external surfaces, despite 
images showing internal locations. This may appear to be 
an insignificant mistake, but in fact it can influence the 
interpretation of the diagenetic sequence, thereby caus-
ing doubts about the proposed diagenetic scenario. These 
issues are not further discussed here for consistency, and 
will be approached elsewhere, because they are important 
for understanding the diagenetic sequence of spicule-bear-
ing rocks.

 The Late Cretaceous spicules studied are clearly more 
advanced diagenetically than those described by Stamm et 
al. (2025), as indicated by the fact that many of their spicules 
are translucent and composed of opal-A. In this respect, the 
diagenetic advancement of the Cretaceous spicules studied 
by Stamm et al. (2025) can be compared with the diagenetic 
stage of the Eocene spicules of the present study. This is 
most likely due to the fact that their spicules were contin-
uously covered by seawater, thus remaining isolated from 
atmospheric influences and elevated temperatures.

Interestingly, the FWHM values of many Cretaceous 
spicules examined by Stamm et al. (2025) are higher than 
those of their Recent spicules, which is difficult to interpret, 
since FWHM values systematically decrease with increas-
ing crystallinity. In this context, it would suggest that their 
Recent spicules consist of a more ordered form of silica than 
the fossil ones – a rather paradoxical conclusion.

Early Cretaceous spicules

Despite the preservation of fine surface details  
(Fig. 15A–D), spicules are preserved as massive silica with  
a nanogranular structure (Fig. 15E, F), likely quartz. This 
indicates more advanced diagenesis, compared to Late 
Cretaceous and even some Late Jurassic spicules, due 
to their exposure to burial conditions with high pressure 
and temperature, associated with tectonic processes in the 
Southern Pyrenees.

Late Jurassic spicules

The rough surface of the Jurassic spicules results mainly 
from a porous outer layer of microgranular or microcrys-
talline silica (Fig. 16D, E), though some spicules are also 
deeply etched. XRD analysis confirms that these spicules 
are predominantly quartz, with some also containing opal-
CT (Tab. 1; Fig. 19). Minor amounts of moganite and 
low-cristobalite were detected via XRD, with low-cristo-
balite also seen in SEM images (Fig. 18C). Moganite has 
similarly been reported in 1,900-year-old sinters from Utah 
(Lynne et al., 2005) and in Jurassic sponge limestones in 
Poland (Kochman and Matyszkiewicz, 2023).

Mineralogical differences do not correlate with spicule 
type or taxonomy. For example, both hexactinellid and  
lithistid (rhizoclone) demosponge spicules from the Zalas 
marls contain a mixture of opal-CT and quartz, whereas 
 other rhizoclones from the same site are composed  
exclusively of quartz. Even within a single hexactinellid 
specimen, spicules may vary significantly – some retain 
detailed sculpture, while others are heavily etched – high-
lighting the micro-scale variability of diagenesis.

The opal-CT in these spicules shows distinct low-
tridymite and low-cristobalite peaks (Fig. 19) and is linked 
to less advanced diagenesis in marl deposits. Opal-CT 
is absent from limestone-hosted spicules, regardless of 
taxonomy. SEM imaging suggests that the opal-CT oc-
curs on surfaces of hexactinellid spicules from Zalas, 
where aligned nanogranular textures are present (Fig. 17).  
A dense external rim of silica nanogranules, preserving 
original layering, is also seen in these spicules (Fig. 18E–
G), but not in the quartz-dominated specimens from other 
outcrops.

Quartz is easily recognized in SEM by euhedral nano- 
and microcrystals (Fig. 16I). A full transition is observed 
– from irregular nanograin clusters (Fig. 18E, F), to early 
quartz with faint crystal faces (Fig. 18H, I), to well-formed 
quartz crystals (Fig. 16I). Nanogranules at the base of these 
crystals indicate that they formed via diagenetic transfor-
mation (fusion) of less-ordered silica. Low-cristobalite in 
the Jurassic samples is clearly late diagenetic, seen as eu-
hedral crystals on etched spicule surfaces.

Diagenetic silica (chert), embedding many Jurassic 
spicules likely derives from sponge-origin silica, formed by 
dissolution of nearby spicules and subsequent in situ repre-
cipitation. Our petrographic studies support this, and the sili- 
ca matrix shares the same mineralogy as adjacent spicules 
(Fig. 19; Tab. 1). Its structure – incipient quartz growing 
from silica nanogranules – suggests initial deposition as 
opal-CT, followed by transformation to quartz via the 
same pathway as observed in spicules.

The extensive diagenetic alteration of the Jurassic 
spicules reflects not just their age, but also deeper bur-
ial than that of their younger counterparts. Unlike most 
younger deposits (except Lower Cretaceous), the Jurassic 
rocks were later overlain by Cretaceous and Paleogene/Ne-
ogene sediments, subjecting them to greater pressure and 
temperature.
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Fig. 19.	 Typical selected X-ray diffractograms of Upper Jurassic 
spicules from Poland (for sample characteristic see Table 1). O-CT 
opal-CT, Q quartz.

Fig. 18.	 Late Jurassic hexactinellid spicules from Poland.  
A. Well-preserved skeleton of a hexactinellid sponge, showing an 
enlarged axial canal, original tuberculation, and smooth silica in 
some areas, while appearing rough (etched) in others. B. Details 
of the skeleton surface, highlighting irregular coalescing nano- 
and microgranules (incipient microquartz) and rounded openings 
in the outer spicule layer, with larger microspheres visible inside 
the spicule. C. Close-up of (B), showing a rough surface with 
euhedral cristobalite; note how the irregular, complex nano- and 
microgranules begin to resemble microquartz crystals. D. Details 
of a well-preserved surface, revealing a nanogranular structure.  
E. Cross-section of spicule; enlarged axial canal in centre, note 
dense outer zone, composed of nanogranules and more porous 
zone in centre). F. Details of central zone from (E) composed of 
irregular clusters of nano- and microspheres. G. Details of outer 
dense zone from (E), composed of nanogranules, note some ev-
idence of layering. H, I. Irregular subcrystalline and poorly crys-
talline structures (incipient microquartz crystals) (H), composed of 
nanogranules (I).
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General aspects of diagenesis of siliceous spicules

The XRD analysis shows that only the translucent (glassy) 
Eocene spicules from Ukraine and SW Australia are pre-
served as opal-A. These spicules come from deposits that 
were never deeply buried and, therefore, were not subject-
ed to high pressure and temperature. However, their lower 
FWHM values and higher d-spacing compared to modern 
spicules suggest that mineralogical changes begin before 
visible alteration (Lynne and Campbell, 2004).

Eocene spicules within a single sample, or even within 
a single specimen, in many cases exhibit varying diage-
netic stages, ranging from translucent (opal-A) to white, 
with microspheres indicative of opal-CT formation. Some 
individual spicules contain both zones: translucent (likely 
opal-A) and opaque or white (likely opal-CT; cf. Frisone 
et al., 2014; Stamm et al., 2025). This suggests that diage-
netic transformation is driven more by the mineralogical 
instability of opal-A at the microscale than by the exter-
nal sedimentary conditions in such cases, where no high 
pressure or temperature operated. Similar coexisting silica 
polymorphs have been observed in sinters (Campbell et 
al., 2001; Lynne and Campbell, 2004; Lynne et al., 2005, 
2007, 2008).

Most spicules, regardless of age, location, or taxono-
my, retain some original structural features. Axial canals, 
characteristic of hexactinellids and soft demosponges, are 
usually preserved in the studied spicules, though enlarged. 
This enlargement is likely due to the originally more po-
rous silica with high organic content near the canal, which 
is more susceptible to removal during early diagenesis. 
Spicules (desmas of lithistids), not preserved as opal-A, 
show preferential alteration of the inner, porous, originally 
organic-rich zone, while the denser outer part remains less 
affected. An indicator of early diagenesis is the formation 
of microspheres, embedded within a nanogranular matrix 
of similar composition. This relationship suggests that 
the microspheres replace the matrix, rather than forming 
in pre-existing voids or being deposited through a disso-
lution-reprecipitation process. Such a process would be 
expected to produce a more crystalline phase, i.e., typical 
lepispheres composed of criss-crossed blades of tridymite, 
which, however, is not observed in the present study. 

Hexactinellid spicules generally appear less well pre-
served internally than demosponge ones from the same 
rocks, though this may be an effect of limited sampling. 
Nevertheless, the lower resistance of modern hexactinel-
lid spicules to dissolution, seen in both nature (Bertolino  
et al., 2017) and lab settings (Maldonado et al., 2005, 
2022), supports this observation.

The XRD analysis clearly shows gradual silica matu-
ration over time. Fossil opal-A peaks are narrower (low-
er FWHM) than those of modern spicules (Tab. 1; Figs 2,  
8, 11). In the Eocene samples, opal-CT shows a weak 
shoulder toward lower angles (Fig. 8), which becomes 
more pronounced in the Cretaceous samples (Fig. 14), 
eventually forming distinct low-tridymite and low-cristo-
balite peaks in the Jurassic samples (Fig. 19). The Jurassic 
opal-CT peaks are also narrower than those of opal-CT in 
the younger spicules studied.

There are two principal pathways for silica transforma-
tion. The first involves dissolution, followed by reprecipi-
tation of more ordered polymorphs, in many cases accom-
panied by the formation of intermediate spicule moulds 
(cf. Matysik et al., 2018, 2021; Jurkowska and Świer- 
czewska-Gładysz, 2020; Stamm et al., 2025; Jurkowska  
et al., 2026; as well as our unpublished data on opoka).  
This process commonly requires at least partial cementation 
of the surrounding sediments. The dissolution–reprecipita-
tion model is widely accepted and frequently invoked in ge-
ological studies, as mentioned in the Introduction, although 
it is typically supported by indirect evidence and based 
largely on observations of silica diagenesis in sediments, 
rather than direct structural data.

This type of transformation involves sediment pore flu-
ids and proceeds through dissolution of an unstable silica 
phase, followed by precipitation of a more stable one. As 
a result, the original internal structure is usually oblite-
rated, although some surface details may occasionally be 
preserved (Pisera, unpublished). The process operates in  
a relatively open system and may lead to chemical, includ-
ing isotopic, fractionation. Consequently, spicules that have 
undergone such diagenesis should not be used for isotopic 
studies, aimed at the reconstruction of past environments, 
as their original isotopic signature is no longer preserved  
(cf. Slagter et al., 2025).

The second pathway is a solid-state transformation, also 
referred to as silica maturation or gradual ordering of silica 
(Calvert, 1974, 1977; Murata and Nakata, 1974; Mizutani, 
1977; Cady et al., 1996). In the case of amorphous silica, 
this process involves the transformation of one solid phase 
(opal-A) into another (opal-CT and ultimately quartz), 
without an intermediate dissolution stage (fluid phase). The 
transformation proceeds through reorganization of the inter-
nal structure, with atomic migration over very short distanc-
es within a closed system. As a consequence, the chemical 
and isotopic compositions remain essentially unchanged. 
Importantly, this process typically preserves the original  
internal structure and does not involve mould formation.

This solid-state process of silica maturation most likely 
proceeds via progressive dehydration of opal-A of sponge 
spicules, which contains on average 12% water (Sandford, 
2003), followed by fusion or, more precisely, sintering of 
silica [for definitions and theoretical background, see Kang 
(2004)]. Sintering refers to the bonding of silica particles 
into a solid, coherent, and more ordered structure. These 
processes require energy and are typically driven by elevat-
ed temperature and/or pressure. In the case of the spicules 
studied here, however, such conditions were likely of limit-
ed importance, as the specimens were never deeply buried. 
Another similar process that can be involved is Ostwald  
ripening, a process, during which larger particles grow at 
the expense of smaller particles, thus reducing general sur-
face energy (Iler, 1979)

Nevertheless, silica sintering in vivo, i.e., at ambient tem-
perature, has been proposed for sponge spicule formation 
as a result of the catalytic properties of silicatein present 
within the spicules (Müller et al., 2011). Experimental work 
by Fuchs et al. (2014) demonstrated that such catalytic ef-
fects can facilitate the transformation of opal-A in sponge 
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spicules into cristobalite at relatively low temperatures 
(~859 °C). Given that spicules are biocomposites contain-
ing silicatein, this may help to explain how similar phase 
transformations could proceed over long timescales without 
the need for high pressure and/or temperature.

The first evidence of this type of transformation is the 
preservation of the original structure of the spicules, ob-
served in most of the studied specimens. But a crucial line 
of evidence for distinguishing between these pathways is the 
occurrence of microspherical silica bodies within spicule-as-
sociated pore spaces. The presence of nearly perfect, isolat-
ed spheres embedded in nanogranular matrix is difficult to 
reconcile with a model, involving direct precipitation from 
solution into open cavities. Under such conditions, nuclea-
tion would be expected to occur preferentially on the pore 
walls, where interfacial energy is minimized, followed by 
inward growth producing coatings or concentric infill struc-
tures. The formation of centrally positioned spheres would 
require highly improbable conditions, including perfectly 
symmetric diffusion fields and the sustained suspension of  
a growing nucleus within the pore fluid.

In contrast, these features are readily explained by sol-
id-state transformation within a silica precursor. In this mod-
el, a less ordered silica phase undergoes localized densifica-
tion and structural reorganization, leading to the formation 
of a more ordered, lower-water-content phase, expressed as 
a compact spherical body. This process is inherently asso-
ciated with volume reduction due to dewatering and den-
sification. As a result, the newly formed sphere contracts 
relative to the surrounding matrix, producing a gap between 
the sphere and the pore wall. The presence of such gaps con-
stitutes strong evidence for an in situ transformation mech-
anism, as it reflects a density contrast between the precursor 
material and the resulting phase. In a dissolution-reprecipi-
tation scenario, externally supplied silica would instead tend 
to fill available space rather than generate voids.

The spherical morphology arises naturally from isotrop-
ic contraction and/or growth within a homogeneous matrix, 
rather than from isotropic free growth in fluid. The appar-
ent central positioning of the spheres is therefore best in-
terpreted as a geometric consequence of uniform growth 
and shrinkage within a previously continuous matrix, rather 
than as a result of nucleation in suspension. In some cases,  
the microspheres are very regular in shape (Fig. 4B–C), 
while in other samples they may be elongated and irregu-
lar (Fig. 5E–H). This can be explained by the fact that in  
a more homogeneous environment (matrix), growth is iso-
tropic, producing nearly perfect spheres. In contrast, when 
the matrix is less homogeneous, growth becomes anisotrop-
ic, with certain directions being preferred, resulting in less 
regular shapes such as elongated spheres and hemispheres. 
This mechanism eliminates the need for long-distance silica 
transport and is fully consistent with closed-system beha- 
viour, in which material redistribution occurs locally during 
phase transformation.

Textural evidence, supporting this interpretation, in the 
fossil record includes the preservation of the original shape 
and microstructure, the absence of features, indicative of 
dissolution or reprecipitation (such as secondary porosity, 
cements, or truncation surfaces), and a progressive increase 

in silica density and crystallinity. These features are ob-
served in the sponge spicules studied here. The only poros-
ity present in the Eocene spicules can be attributed to silica 
dehydration, without removal of material, and is therefore 
consistent with a closed-system process.

Processes, such as dewatering and diffusion operating 
without an intermediate dissolution phase, have tradition-
ally been dismissed as mechanisms of diagenetic reorgan-
ization, largely because they are considered extremely slow 
under low-temperature and low-pressure conditions, i.e., in 
the absence of deep burial. However, this argument becomes 
less compelling, when considered on a geological timescale. 
The sponge spicules studied here range in age from approx-
imately 35 to 150 Ma, providing ample time for even slow 
solid-state processes to proceed. Thus, the preservation of 
original microstructures, formation of microspheres, coupled 
with evidence of densification and increased crystallinity, is 
fully consistent with a solid-state transformation mechanism 
occurring in a closed system over millions of years.

In the case of the silica modifications, observed in the 
sponge spicules described here, solid-state transformation 
appears to have been the dominant process. This interpre-
tation is supported by the preservation of many structural 
(though not all) and most surface features. Furthermore, 
occurrences of silica microspheres, embedded within  
a nanogranular matrix identified as opal-CT, as well as 
mixtures of spheres and glassy (smooth silica) regions, 
representing opal-A (as observed in Eocene spicules), and 
incipient quartz crystals, growing in one direction and com-
posed of nanogranular silica, growing at the expense of the 
granular matrix (in Jurassic spicules), cannot be adequa- 
tely explained by a dissolution–reprecipitation mechanism.  
Instead, these features consistently point to the in-situ trans-
formation of silica phases.

This process likely began with the nucleation of low-tri-
dymite within an amorphous matrix (Liesegang et al., 
2018). It is analogous to the in vivo solid-state transition of 
amorphous calcium carbonate (ACC) to crystalline forms 
through dehydration (Addadi et al., 2003; Du and Amstad, 
2020), with silica dehydration acting as the primary driving 
mechanism in a closed system.

Spicules that underwent this type of diagenesis (charac-
terised by the presence of traces of the original structure and/
or microspheres, embedded in a nanogranular matrix, or in-
cipient quartz crystals, composed of nanogranules) provide 
the best potential for preservation of the original isotopic 
signal; therefore, only such material should be targeted for 
isotopic analysis. However, this must be verified by detailed 
isotopic comparisons of spicules, showing different diage-
netic modifications, but originating from the same sample 
(preferably the same sponge). This is particularly important, 
given that some recent studies (Slagter et al., 2025; Stamm 
et al., 2025) concluded that even slight diagenetic changes 
can modify the original isotopic composition.

The conclusion of Slagter et al. (2025) is based on expe- 
rimental work, conducted in an open system, where dissolu-
tion and reprecipitation operated – consistent with the above 
discussion of alternative diagenetic pathways. The case of 
Stamm et al. (2025), who analyzed fossil Cretaceous spi- 
cules, is different. They reported that spicules of the same 
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age, but at different stages of diagenetic advancement, 
differ in isotopic composition by 0.3‰ δ³⁰Si on average. 
This difference would be understandable, if the dissolu-
tion-reprecipitation model applied, as assumed by Stamm 
et al. (2025), but without structural studies of their spicules. 
On the basis of their observations, we argue that the spicules 
they analysed underwent a similar diagenesis to that of the 
Eocene spicules of the present study – namely, solid-state 
transformation, not dissolution reprecipitation – which 
should have preserved more or less the original isotopic 
composition of silica. 

For now, several explanations of δ³⁰Si difference between 
the samples, other than diagenetic alteration, remain possi-
ble, making the Stamm et al. (2025) argumentation not very 
strong. First, the spicules examined by Stamm et al. (2025) 
were classified solely by morphology, not taxonomy, mean-
ing they may have come from different sponge taxa that frac-
tionate silicon isotopes differently. More importantly, the 
reported isotopic difference is not statistically significant:  
a two-sample Welch’s t-test yielded p = 0.34 (calculated 
from Stamm et al., 2025, tab. S8), indicating that the dif-
ference between the two samples is not statistically mean-
ingful. Additionally, this mean value difference is small, 
when compared with the natural variability of δ³⁰Si values 
in spicules from a single extant sponge, which can reach 
1.0‰ δ³⁰Si or more (Pisera, unpublished data). Therefore, 
this issue requires further integrated diagenetic, structural, 
and isotopic studies. However, the conclusion by Stamm 
et al. (2025) that the diagenetic differences they observed 
modify the Si isotopic signal is unfounded.

Summary and conclusions

1.	 All studied Recent sponge spicules are composed of 
opal-A, with no mineralogical differences among taxa. 
Their mineral parameters (peak position, d-spacing, 
FWHM) differ slightly from sinter opal-A. 

2.	 Most Eocene spicules from Australia and Ukraine are 
preserved as opal-A. Narrower FWHM values in fossil 
opal-A, compared to those in Recent spicules, indicate 
incipient diagenesis, even in the absence of visible struc-
tural changes under SEM. This suggests that original 
opal-A can persist in siliceous spicules for approximate-
ly 40 million years, provided they have not been subject-
ed to significant temperature or pressure.

3.	 The structure of the Eocene iridescent spicules from 
Australia, with fissured outer layers and spongy interi-
ors, likely results from brief, high-temperature exposure 
during bushfires. 

4.	 The Late Cretaceous spicules are preserved as opal-CT 
and/or quartz. Opal-CT forms microspheres and hem-
ispheres similar to the Eocene spicules, while quartz 
spicules show massive internal silica units, made of 
nanogranules. 

5.	 Most Late Jurassic spicules are preserved as quartz, 
though some contain opal-CT, indicated by aligned na-
nogranules and XRD. The dense outer rim of silica nano-
granules with relic layering may also be opal-CT. Traces 
of moganite were also found.

6.	 Different mineral phases (opal-A, opal-CT, or quartz) can 
be observed, not only in spicules from the same sample 
or of the same age, but even within a single spicule. This 
indicates that silica maturation occurs primarily at the 
microscale. The presence of euhedral low-cristobalite 
in some Jurassic spicules reflects later diagenetic over-
printing. Structural modification of spicules depends 
largely on age and locality, with taxonomy playing  
a smaller role. Hexactinellid spicules tend to preserve 
internal structures more poorly than those of demo-
sponges, likely due to original differences in skeletal 
architecture.

7.	 Early opal-A diagenesis in spicules involves growth 
of silica microspheres or hemispheres in a nano-
granular matrix, marking the transition to opal-CT.  
The white or opaque appearance of the spicules re-
sults from light refraction, caused by silica inhomo-
geneity, produced during maturation via solid-state 
transformation, without intermediate mould forma-
tion due to dissolution.

8.	 In the Early Cretaceous and the Late Jurassic spicules, 
silica microspheres are replaced by dense silica na-
nogranule blocks. In later diagenesis, euhedral 
nano- and microquartz crystals form near the sur-
face, likely through fusion or transformation of silica 
nanogranules.

9.	 Most micro- and nanoquartz observed in the Jurassic 
spicules is diagenetic, forming from pre-existing sil-
ica nanogranules, rather than direct precipitation. It 
consists of silica nanogranules and early quartz crys-
tals with diffuse crystalline faces.

10.	All the examined spicules, ranging from opal-A to 
quartz compositions, retain traces of their origi-
nal structure and morphological details. Diagenesis 
did not proceed from the external surface toward  
the centre; rather, it was concentrated in the interior 
(the main body of the spicule), while the outer layer 
is the best preserved. In the early stages of diagenesis, 
the formation of silica microspheres within a similar 
nanogranular matrix is characteristic and consistent 
with solid-state transformation processes, without  
the involvement of dissolution and void formation.  
In the Jurassic samples, the growth of incipient mi-
croquartz follows from the fusion of granular silica, 
rather than from the precipitation of microquartz crys-
tals. These structural observations suggest that the 
dominant transformation of silica occurred through 
solid-state maturation (via dehydration and sintering) 
and/or Ostwald ripening, rather than by dissolution 
and re-precipitation from external fluids. Early stages 
of this process could be added by organics that are 
part of the spicule biosilica.

11.	 As a result, fossil spicules, showing preservation 
similar to that described in this study – i.e., traces  
of original structure, microspheres, embedded in  
a nanogranular matrix, and/or incipient microquartz 
showing fused nanogranular silica – are considered 
the preferred targets for silicon isotope analysis, in 
contrast to those modified by dissolution-reprecipita-
tion diagenesis. However, the assumption that such 
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spicules retain their original isotopic signal must al-
ways be verified through carefully integrated structur-
al and isotopic investigations.

12.	Our observations should be taken into account when 
interpreting the diagenetic pathways of fossil spicu-
lites and spicule-rich rocks, such as spiculites and  
Cretaceous opokas.
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