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Манганово-железни минерализации в палеогенски вулканогенни скали 
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и условия на образуване 
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Abstract. Two Mn and Fe nodule bearing early Oligocene volcano-sedimentary sequences located to the north and 
north-west of Perperek village in the Eastern Rhodopes were studied. The main feature of the sequences is a manifold 
rhythmic alternation of medium to coarse grained sandstones and granule conglomerates intercalated by thin clayey 
layers. Two types of nodules: (i) oval, ochreous and red, Fe-bearing; (ii) spherical, black, Mn-bearing were studied. 
Mn nodules are composed of quartz, cristobalite, plagioclase, and holandite. Typical are high contents of Mn, Ba, Pb, 
V, Co, Mo, W, Tl, and REE. Fe nodules contain chamosite and show high content of Si and Al and P, V, Co, Cu, REE. 
Geochemical data support diagenetic origin of the studied Mn and Fe nodules.
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Introduction
The development of modern and green technolo-
gies has increased the importance of a number of 
raw materials that have been declared critical ele-
ments for EU. The deep-sea polymetallic nodules 
are a high perspective new raw material and can be 
a potential source for REE and other critical ele-
ments (Hein et al., 2013). Apart from the study of 
polymetallic nodules from the NE Pacific (Hikov 
at al., 2023), our attention is also focused on the 
search of metalliferous nodules in other geological 
environments, in order to describe their occurrence 
and test whether they contain critical elements. 

Presence of Mn nodules in the Paleogene volcanic 
rocks from the Eastern Rhodopes has been known 
for a long (Goranov, 1960; Todorova, 1972; Alek-
siev, Djourova, 1977; Yanev et al., 2004) but their 
origin is disputable. This study is focused on some 
small Mn and Fe mineralizations in early Oligocene 
volcano-sedimentary sequences in the Eastern Rho-
dopes located in the area to the north and north-west 
of Perperek village.

Geological settings
The Eastern Rhodopes are region with extensive 
Paleogene volcanic activity with intermediate and 
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acid composition (Harkovska et al., 1989). The stud-
ied area is situated between the villages of Perperek 
and Most, Eastern Rhodopes. A relatively narrow 
strip of the formation of the third acid volcanism 
(Bojanov et al., 1992) composed mainly of white or 
pink thick-bedded acidic tuffs is exposed between 
the villages of Most and Perperek. The same rocks 
are grouped as a limestone-pyroclastic formation 
from the Chiflik volcanic complex (Yordanov et 
al., 2008). The volcanic rocks are overlain by the 
conglomerates of the Valchepolska molasse forma-
tion with an Oligocene–Neogene age (Bojanov et 
al., 1992). Some further east, in the area of the Dar 
Dere river, the products of a second acid volcanism 
were distinguished (Bojanov et al., 1992). Aleksiev 
et al. (1997) described a section located 1 km SE 
of Perperek composed mainly of clinoptilolite rocks 
and epiclastic sandstones covered by conglomerates 
and sandy bentonites.

Methods
About 20 nodule and host sediment samples were 
studied in thin and polish sections and by X-ray Dif-
fraction (XRD) in the Institute of Physical Chemis-
try of Bulgarian Academy of Sciences (BAS). The 
mineral compositions were analyzed at the Earth 
Institute of the Slovak Academy of Sciences, Ban-
ská Bystrica, Slovakia, using a JEOL JXA 8530F 
field-emission electron-microprobe in WDS. Whole 
rock chemical composition was measured by X-ray 
fluorescence (XRF) at the Sofia University “St Kli-
ment Ohridski”. The trace element composition of 
minerals and bulk samples was measured with LA-
ICP-MS (New Wave UP193FX excimer laser com-
bined with a PerkinElmer ELAN DRC-e ICP-MS) 
at the Geological Institute of BAS.

Results
The main feature of the sequence is an irregular 
rhythmic alternation of medium to coarse grained 
sandstones grading upwards in granule conglomer-
ates and intercalated by thin clayey layers. The sedi-
ments are pale beige in color, mainly loose to weakly 
cemented, with even parallel to discontinuous even 
bedding with variable thickness of the single beds. 
In the cemented varieties mainly Fe-bearing ochre-
ous and red oval nodules (10–30 mm in diameter) 
are observed abundant in some levels (Fig. 1a, b). 
Some black, more spherical, Mn-bearing nodules 
are found spread irregularly in all sediment varie-
ties (Fig. 1a). The mineral content of the sediments 
is variable also, and is composed mainly by well-
rounded clasts of quartz, rhyolites and metamorphic 
rocks, and angular to subangular clasts of quartz, 
feldspar, plagioclase, zeolite rocks, and altered 

volcanic glass shards and pumice pieces. No cal-
cite or organic remnants were observed. The loose 
sediments are matrix-supported, and the matrix is 
mainly of clay mineral. The cemented varieties 
are cemented by Fe-oxide and opal. XRD analyses 
show presence of quartz, cristobalite, orthoclase, 
muscovite, kaolinite, montmorillonite, halloysite, 
mordenite, heulandite, rarely gypsum.

The Mn nodules are found in several levels of 
the studied sequences. They are predominantly 
spherical to ellipsoidal, from 0.5 to 2 cm in size. 
XRD analyses show that the nodules are com-
posed of quartz, cristobalite, plagioclase, and 
holandite. The cross-sections reveal concentric 
structure with Mn-bearing concentric layers, rare 
Fe-bearing layers and small clasts of quartz, or-
thoclase and plagioclase. The main Mn mineral 
is hollandite, which builds Mn-bearing layers and 
also fills gaps. EPMA analyses show content of 
BaO between 10.65 and 16.36 wt%. The analyses 
with less BaO have up to 6.34 wt% PbO. In-situ 
LA-ICP-MS analyses confirm high contents of 
Ba (12.12–16.99  wt%) and Pb (0.60–5.16  wt%). 
Other trace elements with high concentrations (in 
ppm) in holandite are as follows: V (500–3577), 
As (68–420), Mo (392–2776), W (878–8294), Tl 
(104–153), Bi (25–102), Th (28–182), U (57–123), 
ƩREE (134–883). Fe-bearing layers have iron oxy-
hydroxide composition with high content of SiO2 
(10.82–12.88 wt%) and Al2O3 (3.65–4.71  wt%). 
In-situ LA-ICP-MS analyses detect high con-
tents of (in ppm): Be (92–176), V (758–4700), 
Co (102–377), Cu (200–956), Zn (154–992), As 
(1940–9020), Mo (67–381), Ba (620–79113), W 
(59–999), Pb (660–1929), Th (31–361), U (50–
207), ƩREE (578–4041). Both Mn- and Fe-phases 
have similar chondrite-normalized REE patterns 
(enrichment of LREE and flat MREE and HREE 
patterns) with strong positive Ce anomaly (Ce* = 
2.63–8.98) and mostly negative Eu anomaly (Eu* 
= 0.20–2.03). Except for the Mn nodules, in some 
places we found Mn micronodules (Fig. 1c). They 
range from 10 to 100 μm in size and associate with 
opal and zeolite. EPMA and LA-ICP-MS analyses 
show hollandite composition with very stable con-
tent of BaO (14.50  wt%), PbO (0.68–1.29  wt%) 
and high content of the same trace elements. 

Chamosite is the only Fe mineral detected with 
XRD in rocks with brown nodules. EPMA of select-
ed samples shows presence of mineral with cham-
osite composition and Fe oxyhydroxide phases with 
high content of SiO2 (3.92–9.70  wt%) and Al2O3 
(2.15–5.61  wt%) (Fig.  1d). In-situ LA-ICP-MS 
analyses detect high content of (in ppm): P (3292–
8990), V (141–752), Co (up to 41), Cu (up to 53), 
Zn (139–413), As (up to 104), Pb (119–184), Th (up 
to 30), U (up to 23), ƩREE (31–166).
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Whole rock chemical composition of the host 
rocks is typical for the acid volcanics with high 
content of Rb, Cs, Zr, Pb, Th, U. ƩREE varies from 
109 to 213  ppm. The content of MnO in nodules 
is 37.57  wt%. LA-ICP-MS analyses detect high 
contents (in ppm) of: V (882), Co (449), Y (69), 
Mo (246), Ba (36300), W (207), Tl (98), Pb (2100), 
Th (29), U (27), ƩREE (256). The rocks with Fe 
nodules have Fe2O3 from 10.81 to 13.54 wt%. The 
trace element contents are nearly the same as in 
the host rocks. One sample has high REE content 
(758.75 ppm). Chondrite-normalized REE patterns 
of the host rocks are similar with enrichment of 
LREE and flat MREE and HREE patterns. They are 
also similar to the REE patterns of zeolitized acid 
pyroclastic rocks from the nearby localities of Most 
and Beli Plast (Yossifova et al., 2021, 2024). One 
sample with Fe nodules shows enrichment of all 
REE while the Mn nodules are enriched of MREE 
and HREE compared to the host rocks. Both Mn 
and Fe nodule samples have positive Ce anomaly 

(Ce* = 1.46–1.79) in contrast to the absence of such 
anomaly in the host rocks. All studied samples have 
negative Eu anomaly (Eu* = 0.14–0.85).

A level of red clays, highly cracked and crumbly, 
was established to the south of Dobrinovo village. 
These clays perhaps correspond to the “ferrites” de-
scribed by Todorova (1972). XRD analysis shows 
mainly halloysite, quartz and shamosite. There is 
a high content of Al2O3 (22.15 wt%) but Fe2O3 is 
comparatively low (7.49 wt%). LA-ICP-MS analy-
ses detect high content (in ppm) of: Ti (5731), V 
(145), Zr (680), Hf (16.7), Pb (95), Th (52), ƩREE 
(219.6). Other red levels in the studied sequences 
have lower content of Fe2O3 (3–4 wt%).

Discussion and conclusions
The origin of Mn nodules is debatable. Goranov 
(1960) assumed that they are syngenetic. Todorova 
(1972) defines them as a part of a weathered crust 
resulting from lateritic weathering of acid tuffs. 

Fig. 1. a, black and ochreous oval nodules in volcano-sedimentary rocks; b, layer with big brown nodules; c–d, BSE images:  
c, Micronodules with hollandite (Hol) composition among opal and zeolite (Zeol); d, deposition of Fe oxyhydroxide phases (FeOx) 
among iron chlorite (FeChl) with chamosite composition
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Aleksiev and Djourova (1977) also considered the 
Mn nodules to be diagenetic, because the Mn oxides 
replace the matrix between the pieces of volcanic 
glass and fill in the bubbles and channels in the pum-
ice pieces. We found a formation of Mn micronod-
ules together with opal and zeolite that supports the 
hypothesis of a diagenetic origin. Goranov and To-
dorova (1985) reported opal siliceous rocks embed-
ded within rhyolite tuffs of the third acid volcanism 
near Perperek village and suggested that the forma-
tion of opal siliceous rocks is related to thermal wa-
ters with high SiO2 content. These rocks have been 
formed in shallow-water sea environment and are 
genetically related both to early Oligocene rhyolitic 
volcanism and biogenic sedimentation. The pres-
ence of Mn nodules in several levels in the studied 
sections also supports their diagenetic origin.

The Mn nodules have high content of V, Co, Y, 
Mo, Ba, W, Tl, Pb, and REE. The presence of psilo-
melan with different Mn/Ba ratios in black nodules in 
zeolite rocks is noted by Yanev et al. (2004). The high 
content of Ba and other elements are possibly inherit-
ed from the primary rocks but there are not such high 
contents in the host rocks. The geochemical associa-
tion is very similar to the association in modern deep-
sea polymetallic nodules (Hein et al., 2013; Hikov at 
al., 2023). This probably shows that the formation of 
nodules is a result of similar processes (adsorption, 
desorption, probably bioturbation) and environment 
(oxidation conditions and certain bottom current 
conditions) (Hikov at al., 2023). Positive Ce anomaly 
is characteristic for hydrogenetic nodules and sug-
gests participation of sea waters while the varying Ce 
anomalies suggest changing oxic/suboxic conditions 
(Dubinin, 2014). The presence of high contents of 
important critical elements in Mn nodules gives new 
perspective for acid volcanogenic raw material from 
the Eastern Rhodopes. 
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