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Mangán-oxidos ásványtársulás a Királyszentistván környéki felső triász dolomitban 

Összefoglalás 
A Királyszentistván környéki felső triász dolomitban megjelenő mangándús ásványtársulás különleges, fekete, ágas-

bogas (dendrites) kifejlődésű mangán-oxidjairól vált ismertté, melyeket gyakran sárgásbarna goethitbevonatok tesznek 
még látványosabbá. Ezek a jellegzetes példányok erősen töredezett és porló dolomittal kitöltött üregekben fordulnak elő, 
de a mangán- és vasásványok repedések menti bevonatok vagy masszív bekérgezések formájában is jelen vannak a lelő -
he lyen. A minták ásványos összetételének, valamint szöveti viszonyainak elemzése röntgen-pordiffrakció, pásztázó 
elekt ron mikroszkópos vizsgálatok (SEM-BSE felvételek, SEM-EDX pontanalízis és elemtérképezés), mikro-XRF 
elem tér ké pezés, Raman-spektroszkópia és komputertomográfia segítségével történt. A vizsgált paragenezist főként csa -
tor naszerkezetű mangán-oxidok (romanèchit, todorokit és a coronaditcsoport ásványai) alkotják, hozzájuk goethit társul. 
A minták szöveti jellemzése az ásványok szoros, mikroléptékű összenövéseit és jelentős kémiai heterogenitását mutatja, 
ami a folyamatosan váltakozó redox- és pH-viszonyokat tükröző, többlépcsős ásványkiválásra utal. Az eredmények alap -
ján a komplex ásványtani vizsgálatok – különösen a nagy felbontású szöveti elemzésekkel kiegészítve – alapvető infor -
má ció kat szolgáltathatnak a dolomitrepedésekben zajló fluidum–kőzet kölcsönhatások és a képződési környezetek fejlő -
désének értelmezéséhez. A királyszentistváni előfordulás ezáltal túlmutat az ásványtani érdekességeken, és jól szemlél -
te ti, hogy a látszólag gyakori ásványtársulások részletes ásványtani vizsgálata hozzájárulhat a helyi földtani és geokémiai 
fejlődéstörténet pontosabb megismeréséhez.  

Tárgyszavak: dolomit, mangán-oxidok, romanèchit, goethit, dendritek 

 

Abstract 
A manganese- and iron-bearing mineral assemblage occurring in Upper Triassic dolostone near Királyszentistván 

(Transdanubian Range, Hungary) was investigated in order to characterise the mineralogical composition and to reveal 
the textural relations on the micrometre scale, thereby contributing to a better understanding of the geological processes 
yielding these manganese oxides, partially covered by yellowish-brown goethite, occurring within vugs and cavities con -
tain ing strongly brecciated and pulverulent dolomite. To analyse the detailed mineralogical and textural features of the 
samples X-ray powder diffraction, scanning electron microscopy (SEM-BSE imaging, SEM-EDX point analysis and ele -
mental mapping), micro-XRF elemental mapping, Raman spectroscopy and computed tomography were applied. The in -
ves tigated assemblage consists mainly of tunnel-structured manganese oxides, including romanèchite, todorokite and 
coronadite-group minerals, associated with goethite. Micrometre-scale observations reveal intimate intergrowths of min -
er al phases and heterogeneous element distributions, indicating multiple stages of mineral precipitation under changing 
redox and pH conditions. The results demonstrate that integrated mineralogical investigations, particularly high-resolu -
tion textural analyses, provide essential constraints on fluid–rock interaction processes and the evolution of mineralising 
en vironments. The Királyszentistván occurrence highlights the geological significance of detailed mineralogical studies 
of seemingly common mineral assemblages in reconstructing local geological and geochemical processes.  
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Introduction 

A rather usual mineral assemblage with a very unusual 
appearance was revealed by collectors in 2019 (MOZGAI 
2023). Specimens from the dolostone1 quarry, Királyszent -
ist ván (Transdanubia, Hungary), widely referred to as ‘ro -
ma nè chite and goethite’, rapidly gained recognition due to 
their distinctive and highly aesthetic appearance (Fig. 1). 
The black dendritic, coral-shaped branches, covered partial -
ly by brownish coating and further enhanced by the light tone 
of the host rock made the locality famous worldwide. Even 
in the mindat.org database (RALPH et al. 2025), the page 
dedi cated for romanèchite (https://www.mindat.org/min-
3441.html) contains photos of six different specimens from 
Királyszentistván uploaded by people from all over the world. 
Thanks to the dedication and enthusiasm of the collectors, 
the initial identification was performed by various instru -
men tal analytical technics (KUPI 2021a) and these prelimi -
nary investigations revealed that detailed characterization of 
the samples could be of interest not just from the mineralogi -
cal, but also from the geological point of view.  
Typical dendritic manganese coatings, common in car -

bon ate rocks, is widespread in the quarry on the dolostone 
surface, and further unique manganese oxide appearance 
types can be distinguished, too. According to KUPI (2021a, b) 
the most common forms are tree- or coral-like, black, lus -
trous aggregates with botryoidal iron oxide(-hydroxide)s 
de vel oped on them (Fig. 1). These specimens are typically 
8–10 cm in size. The largest recovered specimen exceeded 
60 cm. Manganese oxides are also present as massive thick 
black coatings covering the walls of cavities. 
The arborescent habit of manganese oxides is very com -

mon, and the dendrites are most frequently described as 
manganese oxide formations, although iron oxide and oxy -
hydroxide varieties are just as common (SWARTZLOW 1934). 
POTTER & ROSSMANN (1979) simply defines manganese 
den drites as manganese oxide accumulations exhibiting 
den  dritic pattern. These blackish, tree-like branching motifs 
usually occur along geological discontinuities, such as bed -
ding planes, joints and fracture surfaces, and they can be 
found on the surface of rocks and minerals or even within 
them (LIU et al. 2023, HOU et al. 2025). Manganese den -
drites typically appear as quasi-two-dimensional patterns, 
but rarely three-dimensional structures can also be found 
(HOU et al. 2025). Based on previous studies (POTTER & 
ROSS MANN 1979, NG & TEH 2009, XU et al. 2010, HOU et al. 
2025) manganese dendrites are mostly characterised by tun -
nel-structured manganese oxide minerals (Table I), although 
HOU et al. (2023) identify a layer-structured manganese 
oxide (birnessite: (Na,Ca,K)0.6(Mn

4+,Mn3+)2O4 1.5H2O, 
mono clinic/triclinic) as the main component of their investi -
gat ed three-dimensional dendritic samples. The main build -
ing blocks of these structures are MnO6 octahedra (Table I) 
linked by edge-and corner-sharing configurations forming 
the layer and tunnel structures (NAMGUNG & LEE 2025). 

Manganese, characterized by multiple oxidation states 
(Mn2+, Mn3+, Mn4+), readily responds to environmental 
changes and therefore precipitates rapidly as micrometre- to 
submicrometre-scale crystals. This extremely fine grain size 
already poses difficulties for mineral characterization. More -
over, the precipitates often do not form a single, well-de fined 
distinct mineral, but commonly consist of oriented nano scale 
intergrowths and/or mixtures of structurally similar phases 
– usually with mixed valence features (NAMGUNG & LEE 
2025), which are difficult to separate or distinguish from 
one another. Coherent intergrowth can even occur on the 
atomic level (TURNER & BUSECK 1979). The identification is 
further complicated by the fact that the different tunnel struc -
tures can incorporate various cations and water to compen -
sate charge imbalance originating from the mixed valance 
state of manganese (POST 1999, NAMGUNG & LEE 2025), so 
chemical analysis without structure-related data is insuffi -
cient in most cases. 

1 In this study, the Upper Triassic dolomite host rock is referred to as dolostone to distinguish it from the mineral dolomite.
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Figure 1. Black branching manganese-oxide specimen from Királyszentistván, 
partially coated by yellowish goethite. Approximate size: 5×3×2 cm. Collection 
and photo: László KUPI (SZAKÁLL & FEHÉR 2025) 

1. ábra. Fekete, dendrites megjelenésű mangán-oxid, részben sárgás goethittel be -
von va, Királyszentistvánról. A példány mérete kb. 5×3×2 cm. Gyűjtemény és fotó: 
KUPI László (SZAKÁLL & FEHÉR 2025) 



Geological setting 

The Királyszentistván manganese oxide locality (Fig. 2) 
is in the central part of the Transdanubian Range, on the SE 
margin of the Bakony Hills, on the southern limb of the axial 
syncline, in a position where the Litér thrust repeats the 
Middle to Upper Triassic sequence (BUDAI et al. 1999). Im -
por tant tectonic lines are in the vicinity of the site. The Litér 
thrust runs only few hundred metres WNW from the site and 
the Herend–Márkó line is to the north (HAAS et al. 2010, 
HÉJA et al. 2024) (Fig. 2). 
The Királyszentistván Quarry #1 is located between Ki -

rály szentistván and Litér, ca. 10 km east from Veszprém and 
5 km north of Lake Balaton. Dolostone and quartz sand were 
formerly mined in the quarry. The quarry is divided into a 
WNW part and an ESE part by a steep E–SE dipping fault. 
The NW half of the quarry reveals the Lower Carnian Ká -
dár ta Dolomite Member of the Gémhegy Dolomite Forma -
tion (BUDAI & VÖRÖS 2006, BABINSZKI et al. 2023a) with a 
partially tectonic, partially erosional surface on which Up -
per Miocene (Pannonian) limnic sand (BABINSZKI et al. 
2023b) was deposited covering the ESE part of the quarry. 
The dolostone has a platform carbonate origin (Cassian 
Dolomite) (BABINSZKI et al. 2023a). The rock is strongly al -
tered on the southern part of the outcrop. Here not only the 
NNE–SSW main fault is visible but also a very steep NW–
SE structural line crosscutting it at ca. 45°. Along these 
faults – and especially around their junction – the dolostone 
is intensely brecciated, weathered, and locally pulverulent 

occurring as mixed patches and blocks. This zone is a few 
metres wide. In the joints of tectonic planes and in their 
surrounding dolostone, the cliffs host vugs and holes from 
few decimetres to meter-size, partially filled and covered by 
black and yellowish-brown to brown manganese- and iron-
bearing mineral assemblages. 

Materials and methods 

Samples 

Specimens representing different morphological and 
tex tural appearances were selected for detailed analysis. 
Frag ments from the selected samples were embedded in a 
two-component Araldite epoxy resin and polished to obtain 
flat, even surfaces for further analysis. For bulk mineral 
iden tification (X-ray powder diffraction), samples were 
ground in an agate mortar. Table II summarizes the samples 
with their characteristic features. 

Analytical methods 

To identify the minerals, characterize the samples in de -
tail, and reveal the detailed micrometre-scale fine textural 
re lations a complex analytical approach was applied. 
As a first step, for bulk mineral identification X-ray pow -

der diffraction (XRD) measurements were carried out with 
a Bruker D8 Discover diffractometer using Cu Kα radiation 
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Table I. Structural units and formulae of various relevant manganese oxides with tunnel structures after TURNER & BUSECK (1981). The numbers 
indicate the widths of the manganese oxide octahedral chains constraining the tunnels 

I. táblázat. Csatornaszerkezetű mangán-oxidok (coronadit, kriptomelán, hollandit, manjiroit, stronciomelán, romanèchit és todorokit) képlete és épí tő -
egy sé geik TURNER & BUSECK (1981) alapján. A számok a csatornákat létrehozó mangán-oxid oktaéder-láncok szélességét mutatják 



(40 kV and 40 mA), in the 2–70° 2Θ range, with 0.009° step 
size and measuring time of 103.2 s.  
To explore the micrometre-scale textural features and 

charac terize the chemical composition scanning electron 
micro scopic (SEM) observations (secondary electron (SE) 
and backscattered electron (BSE) images) and electron beam 
induced X-ray microanalysis (EDX) (point measurements 

and mapping) were performed on a Thermo-Fisher Sci en tif -
ic Helios G4 PFIB SEM device, with 15–20 kV accelerating 
voltage and 13–26 nA probe current.  
Texture-related element distributions were further anal -

ysed by X-ray fluorescent (XRF) elemental mapping on a 
Bruker M4 Tornado Plus AMICS 36S micro-XRF device 
equipped with a rhodium X-ray tube operating at 50 kV ac -
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Figure 2. Location of the Királyszentistván Quarry #1 shown in the pre-Cenozoic geological map of the area (after HÉJA et al. 2024) and images of dolostone 
outcrops in the quarry 

2. ábra. A Királyszentistván I. bánya elhelyezkedése, a környék prekainozoos földtani térképe HÉJA et al. (2024) nyomán, és a bányában feltáródó dolomit 



celera tion voltage and 600 µA current. Mapping was done 
with a resolution of 5 and 15 µm beam diameter at 2 mbar 
pressure. 
“In-situ” phase determination was done with Raman 

spe c tro scopic measurements on a Renishaw inVia Qontor 
Raman microspectrometer. The samples were illuminated 
with a diode-pumped solid-state laser. The excitation wave -
length was 532 nm (green) with 0.5 mW power on the sur -
face. To focus the laser on the sample a Leica 100× (N.A. = 
0.85) objective was used. The optical grating was 1200 gro -
oves/mm. Measurements were performed using variable ex -
posure times to obtain the best possible signal-to-noise ra -
tio. To identify phases based on their Raman spectra the 
RRUFF database (LAFUENTE et al. 2016) and publications of 
JULIEN et al. (2004), BERNARDINI et al. (2019, 2020, 2024, 
2025), POST et al. (2020, 2021), VERMEERSCH et al. (2023) 
and a reference sample set (TOPA et al. 2018) were used. 
3D textural relations were analysed by computed tomog -

ra phy (CT). The measurements were carried out with a 
YXLON FF35 micro-CT system. Imaging was performed at 
155 kV and 455 µA. The reconstructed 3D volumes have a 
spatial resolution of 14.2 µm in all three dimensions, with a 
magnification of 18.66×. Data visualization and evaluation 
were done with the VGStudio MAX 3.3 software. 
XRD, SEM and CT analyses were performed in the 

3DLAB at University of Miskolc. XRF mapping and Raman 
spectroscopy were carried out in the Archaeometry Labora -
to ry of the HNMPCC National Archaeological Institute. 

Characterization of the samples 

Mineralogical features 

Bulk analysis of the samples by XRD revealed the pres -
ence of dolomite (CaMg(CO3)2, trigonal), quartz (SiO2, trigo -
nal), goethite (FeO(OH), orthorhombic) and different man -
ganese oxides with minor amount of amorphous or poorly 
crystalline phases (Fig. 3). Romanèchite, todorokite and 
min erals of the coronadite group can be identified in the 
diffraction patterns although according to Post (1999) species-
level identification of many manganese oxides with XRD 
on ly is hindered by their structural similarities causing over -
laps of the peaks.  
SEM-BSE imaging revealed strong contrast variations 

among manganese-bearing mineral phases, reflecting sub -
stan tial chemical heterogeneity among them (Figs 4, 6, 8). 
SEM-EDX point analyses, elemental mapping and XRF 
map ping indicate that barium (Ba) is the dominant cation 
incorporated into the manganese oxide structures (Figs 4–
6), occurring with highly varying concentrations (from ~8 
to ~17 wt%). In addition to Ba, sodium (Na), magnesium 
(Mg) aluminium (Al), silicon (Si), potassium (K), calcium 
(Ca), iron (Fe), cobalt (Co) and vanadium (V) are also de -
tected in variable amounts. Ba-poor oxide phases exhibit 
elevated levels of Na, K, Mg, Ca (Fig. 6) and occasionally 
lead (Pb) or strontium (Sr), whereas Ba-rich phases consis -
tently contain vanadium (V). Goethite is characterised by no 
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Table II. Sampled specimens and their characteristics with stereomicroscopic images of prepared polished surfaces highlighting some textural features 

II. táblázat. A megmintázott példányok és jellemzőik. Az alsó sor sztereomikroszkópos felvételei a polírozott felszínű minták egyes kiemelt részleteit mutatják



traceable presence of Ba and K while Co (Fig. 4) and Si 
(Figs  4,  6,  8) show elevated concentrations occasionally 
together with chlorine (Cl) and copper (Cu). 
Raman spectroscopic measurements show the presence 

of romanèchite, todorokite and coronadite-group minerals 
(Fig. 7). However, the intimate micrometre-scale inter growth 
of the phases resulted in mixed Raman spectra showing 
char acteristic bands for several mineral species in most cas -
es (Fig. 8). The intensity of certain peaks shows orientation-
dependent variations among the spectra. On Fig. 7 Raman 
bands occurring around 150 and 208 cm–1 correspond to ro -
ma nèchite, meanwhile in the region between them around 

180 cm–1 peaks of coronadite group minerals are present. 
Peaks around (and below) 130 cm–1 belong to todorokite. 
The region marked by light blue colour around the peak at 
291 cm–1 is characteristic for both romanèchite and todoro -
kite. The region marked around 512 cm–1 usually occurs in 
the coronadite group, todorokite and subordinately in roma -
nè chite and seems to be highly influenced by orientation. 
Green highlighted Raman bands around 585 cm-1 also be -
long to all three structures but highly vary in intensity ac -
cord ing to changes in orientation. In the region charac -
terised by the dashed lines at 629 cm–1 and 739 cm–1 the 
bands show variations both in intensity and position de -
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Figure 3. Representative X-ray powder diffraction patterns from samples #1, #2, #4 with the d-values of the main peaks 

3. ábra. Az #1, #2 és #4 minták reprezentatív röntgen-pordiffraktogramjai a fő csúcsokhoz tartozó d-értékekkel 




















