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Abstract. The Turonian nodular phosphate-bearing bed outcropping near Kaspichan consists of early diagenetically 
mineralized (carbonate-fluorapatite – CFA, glauconite and goethite) limestone lithoclasts (nodules), mineralized mac-
rofauna, and non-mineralized intraclasts, embedded in a glauconite-CFA cement. The characteristics of the nodular 
bed are consistent with a formation under extremely low net sedimentation rate with nodules demonstrating evi-
dence for reworking. The identified ammonite association assigns late Turonian age of the bed. XRF and LA-ICPMS 
analyses reveal low P, U, and REE-Y concentrations, with correlations between REE and the other authigenic oxides 
indicating that glauconite and goethite could be main REE concentrators along with CFA. Fluctuations in the redox 
conditions are implied by the authigenic mineral association, mineralization stages, presence of diverse fauna and 
ichnofissils, and applied geochemical proxies. 
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Introduction

Marine sedimentary phosphorites are the main ore 
for phosphorus and have been identified as a prom-
ising alternative source of REE, Y, U, and other 
valuable elements. Besides their major economical 
significance, the specific conditions under which 
phosphate-bearing rocks form, define these sedi-
ments as useful stratigraphic markers, paleoenvi-
ronmental, and paleogeographical indicators (e.g. 
Glenn et al., 1994). 

This study focuses on a Turonian nodular phos-
phate-bearing bed (sensu Trappe, 2001), occurring 
within a glaucony-rich limestone formation (Do-
brindol Fm) outcropping near Kaspichan town, NE 

Bulgaria (e.g. Načev et al., 1961; Jolkičev, 1989; 
Vetseva et al., 2022). Details on the petrography, 
mineralogy, and geochemistry of the nodular bed 
are presented and some insights on its genesis and 
the paleoenvironmental conditions are provided.

Geological setting
The study area (Fig. 1a) is located in the South Moe-
sian Peri-Platform structural unit (SMPP) – a south-
dipping subsided part of the Moesian Platform at 
the front of the Balkanide orogeny (Ivanov, 2017). 
During the Late Cretaceous, this area was part of the 
complex Pery-Tethys Northern Margin (Dercourt et 
al., 2000) where the Cenomanian transgression re-
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Fig. 1. a, simplified geological map of the study area (after Milanova, Cheshitev, 1989), with location of the section Kaspichan 
(marked with a star); b, outcrop view of the Kaspichan PBB: 1, underlying goethite-impregnated limestone bed, sample NKasp11; 
2, PBB, bulk sample NKasp12 and single nodules samples – NKasp12a, b, c; 3, glauconite-rich overlying limestones, sample 
Kasp13; c, polished section of sample NKasp12 with variously shaped and mineralized nodules/clasts; d, thin section (xN) of 
sample NКasp12, showing mineralized nodule (left), with several mineralizing events (marked with numbers I–VI) and final phos-
phate cement marked with VII; f, PAAS-normalized REE patterns in single nodules, bulk PBB sample, underlying and overlying 
limestones, compared to a modern seawater (from Høgdahl et al., 1968)
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sulted in the development of shallow epicontinental 
seas. Several transgression episodes (e.g. during the 
Turonian and Coniacian) led to the expansion and 
respective deepening of the sea covering the ter-
ritory of SMPP (Jolkičev, 1989). These sea level 
changes are probably the major cause for many 
sedimentation breaks (intraformational discontinui-
ties and hardgrounds) in the Upper Cretaceous suc-
cession.

Samples and methods
The studied phosphate-bearing bed (PBB) is de-
scribed in a section located about 3  km south of 
Kaspichan town. The thickness, boundaries, strati-
fication, colour, structures and textures of the rocks 
were described, and fossil macrofauna from the 
PBB was collected for taxonomic determinations. 
Bulk samples and single nodules from the PBB as 
well as from the underlying and cover limestone 
beds were collected (Fig.  1b). All samples were 
studied in polished sections and further selected for 
preparation of thin sections, mineralogical, and geo-
chemical analysis. The mineralogy of the nodules 
and limestones was determined via X-ray powder 
diffraction (XRD), and major oxides were measured 
by X-ray fluorescence (XRF) at the laboratories of 
the Sofia University “St Kliment Ohridski”. Trace 
elements were analyzed at the Geological Institute 
(BAS) using LA-ICP-MS system.

Results and discussion
The Upper Cretaceous succession in section 
Kaspichan overlies a regional K1/K2 unconformity 
and starts with >100 m thick bioclastic and chalk-
like limestones of the Madara Fm and Mogila Fm 
(K2

cm-t), that are covered with an erosional discon-
tinuity by glauconitic limestones of the Dobrindol 
Fm (K2

t-cn). The latter comprises glaucony-rich, 
intraclastic-bioclastic and polybioclastic pack- and 
wackestones with a total thickness of 5.60 m. The 
PBB is at 2.20 m above the lower boundary of the 
unit, atop of a 30–40 cm red-stained massively bio-
turbated polybioclastic packstone. The PBB has a 
variable thickness (0.15–0.40 m) and is essentially 
a conglomerate consisting of mineralized (carbon-
ate-fluorapatite – CFA, glauconite and goethite) 
lithoclasts or nodules, non-mineralized limestone 
intraclasts, abundant mineralized macrofauna, sand 
grains, bioclasts, and glauconite pellets, cemented 
by glauconite and CFA (Fig. 1c). The nodules have 
size ranging from <1 mm to 10 cm, ellipsoidal, sub-
spherical or irregular shape, and their colour varies 
from yellow to brown and black. A distinct feature 
is the presence of borings and cracks filled with 
CFA, glauconite, goethite, calcite cement or non-

mineralized lime mud. The micropetrographical 
analysis shows that the nodules represent limestone 
clasts with diverse textures, variations in terms of 
the main mineralizing phase, style (homogenous 
or concentrically banded; coatings, impregnation, 
pore-filling), and a number of mineralization events 
(Fig. 1d). Erosional surfaces often mark the bound-
aries between the mineralization stages, and the 
nodules commonly contain older mineralized parti-
cles. The ammonite association in the PBB includes 
Allocrioceras angustum (Sowerby), Sciponoceras 
bohemicum bohenicum (Fritch), Subprionocyclus 
neptuni (Geinitz) and Subprionocyclus cf. hitchin-
ensis (Billinghurst) which unequivocally define late 
Turonian age. The same age has been reported by 
some previous authors, while taxa and associations 
identified by others indicate middle-late Turonian 
age (see Dabovski et al., 2009). The nodular bed is 
overlain by glauconite-rich polybioclastic wacke-
stones that are covered by chalky mud- and wacke-
stones of the Venchan Fm. 

Compared to the average phosphorite (Alts-
chuler, 1980) the PBB contains significantly less 
P (9.45 wt %), REE-Y (120 ppm) and U (93 ppm), 
but relatively high Fe2O3 and K2O content. It is 
noteworthy that the P, Fe, K and trace element 
content varies between single nodules, with con-
sistently high LREE/HREE. Interestingly, the 
glauconite-rich limestone cover bed demonstrates 
relatively high ΣREE. Phosphorus shows strong 
positive correlation (0.8–1) with Sr and U, moder-
ate positive correlation (0.5–0.8) with Fe, Na, V, 
REE-Y, and lack of correlation with Ca. In turn, 
ΣREE correlates positively with Fe, Mg, Rb, K, 
Na, Y and demonstrates poor negative correlation 
with Ca. 

Post-Archean Australian Shale (PAAS) normal-
ized patterns of REE (Fig. 1e) in the samples dis-
play negative Ce (0.61–0.77) and positive Y (1.22–
1.97) anomalies. The presence of these anomalies, 
and Y/Ho mass ratio >36 (42.76 for the PBB bulk 
sample) are considered to be indicators of unaltered 
seawater REE-Y patterns (Tostevin et al., 2016). 
The Ce anomaly, a traditionally used redox proxy, 
is consistently negative and suggests formation in 
an oxic environment, and such conditions are fur-
ther implied by low Mo content (Dean et al., 1997). 
The presence of diverse fauna and ichnofossils is 
consistent with well oxygenated water, while the 
association of glauconite, CFA and goethite, indi-
cates fluctuations in the redox potential from oxy-
genated to slightly reducing. It is notable that other 
geochemical redox proxies (e.g. V/Sc, Ni/Co, V/Cr, 
Th/U, etc.) show inconsistent and dubious results, 
implying that these indicators should be used cau-
tiously for phosphatic sediments from condensed 
sections (Jones, Manning, 1994). 
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Conclusions
The characteristics of the nodules, i.e. lithological 
and geochemical heterogeneity, authigenic phases, 
mineralization stages, erosion surfaces and bio-
turbation are all indicative for hiatus concretions, 
which along with the presence of abundant miner-
alized fauna confirm the origin of the nodular bed 
as a product of sedimentary condensation and re-
working. The identified ammonite association from 
the PBB defines late Turonian age. The geochemi-
cal results reveal low P, U, and REE-Y contents, 
with correlations between authigenic oxides and the 
ΣREE in the glaucony-rich bed that covers the PBB, 
indicating that glauconite and possibly goethite are 
the main REE carriers plus the CFA. Lithological, 
mineralogical, and preliminary geochemical data 
imply fluctuations in the redox conditions. Further 
analyses are needed for establishing the individual 
geochemical composition of mineral phases, which 
will aid to more precise and scrutinized application 
of geochemical proxies, and to more thorough un-
derstanding of the paleoenvironmental conditions 
and early diagenetic processes. 
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