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Abstract. The Degree of Pyritization (DOP) and the Indicator of Anoxicity (IA) were used as tools to assess the de-
gree of redox conditions in Lower and Middle Jurassic strata from Bulgaria. Normally-oxygenated (with DOP values 
< 0.45 and IA values < 0.4), oxygen-restricted (0.45 < DOP < 0.7; 0.4 < IA < 0.5), and oxygen-depleted (DOP > 0.7 
and IA > 0.5) bottom-water conditions were recognized on a selection of samples, mainly from the Ozirovo Formation 
(upper Pliensbachian–Toarcian), but also from the Etropole Formation (lower Bajocian). DOP and IA yielded the 
highest values (> 0.9 for DOP and > 0.5 for IA) from samples of the lower Toarcian Tenuicostatum and Falciferum 
ammonite zones, and thus, denoted declined oxygen levels and enrichment of reactive Fe at the sea floor. Beyond this 
stratigraphic level, both parameters indicated for prevailing normally-oxygenated to oxygen-restricted setting, with 
limitedly imposed environments beneath stratified water-column.
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Introduction

Dissolved oxygen is essential for the survival of 
aquatic life. It has long been known that low ox-
ygenation levels, and even no oxygen levels, in 
seawater occur when excess organic matter is con-
sumed and these results in the establishment of 
specific water-column conditions. The formation 
of oxygen-depleted subsurface waters cannot sup-
port most life and therefore the recognition of such 
environments is an important task in the study of 
both modern settings and those recorded in ancient 
sedimentary rocks. This particularly applies for the 
Jurassic strata, in which such palaeoceanographic 
phenomena have been recorded to date (e.g., Jen-
kyns et al., 2002; Korte et al., 2019). A variety of 
valuable methods for discerning oxygenation lev-
els in the Jurassic depositional environments have 
been proposed in the literature, and the stratigraphi-

cal variability of various geochemical tracers have 
been investigated at numerous sites worldwide. 
Studying the geochemical behaviour of iron, which 
is also known to be strongly controlled by redox 
conditions during deposition, is one such approach. 
In this account, we use the Degree of Pyritization 
(DOP) and the Indicator of Anoxicity (IA) to assess 
the degree of redox conditions in Lower and Middle 
Jurassic strata from the Balkan Mts area. The DOP 
was defined by Raiswell et al. (1988) as the pro-
portion of pyrite Fe relative to pyrite Fe plus acid-
soluble (highly reactive) Fe. The IA is the ratio of 
highly reactive Fe to total Fe (Raiswell et al., 2001). 
Both parameters have been shown to be subtle 
pointers of oxygen levels and allow discrimination 
of depositional environments as follows: normally-
oxygenated (oxic), with DOP values < 0.45 and IA 
values < 0.4; oxygen-restricted (dysoxic), having 
0.45 < DOP < 0.7 and 0.4 < IA < 0.5; and oxygen-
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depleted (anoxic to euxinic), with DOP > 0.7 and IA 
> 0.5 (Raiswell et al., 1988, 2001; see also Wignall, 
Newton, 2001).

Material and methods
The present work is based on the study of upper 
Pliensbachian–Toarcian rocks of the Ozirovo For-
mation, from which geochemical data were previ-
ously collected (Metodiev et al., 2019, 2020). These 
include samples from the subsurface strata of the 
borehole section C-3 Belotintsi, as well as outcrop 
rock samples from the sections Bov and Kirchevo 
(NW–Central Bulgaria) (see Fig. 1). Of them, 57 
bulk samples, mainly from mud-rich lithologies 
(shales, marlstones and argillaceous limestones), 
were selected for DOP and IA assessment. For com-
parison, we also analyzed DOP and IA in 13 samples 
(lower Bajocian shales and argillaceous siltstones) 
of the Etropole Formation, collected from a few lo-
calities of the Breze-Bov and Etropole-Teteven ar-
eas, which were recently studied by Metodiev et al. 
(2022). All of the sampled lithologies were found 
to be virtually free of benthos and organic-enriched 
(see also Botoucharov et al., 2022).

For determination of reactive Fe, 0.1 g of pow-
dered sample was poured with 5 ml 1N HCl for 24 h 
at room temperature. During the extraction period, 
samples were manually shaken several times. At the 
end of the reaction time, the extraction tubes were 
centrifuged, and then 1 ml solution was removed 
and diluted to 25 ml, as recommended by Leventhal 
and Taylor (1990). The extracted aliquots were 
measured on a Perkin Elmer 3030 atomic absorp-
tion spectrometer, and the total amount of iron and 
sulfur were analyzed by PANalytical Epsilon3xle 
XRF at the Geochemical Laboratory of Sofia Uni-
versity. To obtain reliable values for the sulfur Fe, 
bulk samples were also measured for Zn, Pb, and 
Cu concentrations in glass palettes by LA-ICP-MS 
at the Geological Institute of the Bulgarian Acad-
emy of Sciences.

Results and discussion
DOP and IA values show differences from site to 
site, although it has been observed that at certain 
stratigraphic levels both parameters exhibit a sys-
tematic co-variation. In the dataset of the borehole 
section C-3 Belotintsi, DOP values vary from 0.71 
to 0.94, while those for IA range between 0.12 and 

0.73 (Fig. 1). Similar variability was detected in the 
samples from section Bov, in which DOP ranges 
from 0. 57 to 0.92, while IA is between 0.10 and 
0.88. In contrast, the samples from section Kirchevo 
produced lower DOP and IA (av. 0.16 and 0.20 re-
spectively), but values above 0.4 were also obtained 
for the both parameters. The bulk of the samples 
from the Etropole Formation yielded appreciable 
DOP values (av. 0.50), but yielded surprisingly 
low IA values (av. 0.17). It is noteworthy that in 
the lower Toarcian strata, both DOP and IA show 
increased values, reaching maxima of > 0.9 for 
DOP and > 0.5 for IA, within the Tenuicostatum–
Falciferum ammonite zones transition. Higher DOP 
and IA values were also obtained from mid-upper 
Toarcian levels (i.e., at beds assigned to the Vari-
abilis and Thouarsense zones). No consistent strati-
graphic trend has been observed within the samples 
of the Etropole Formation.

Using the criteria of Raiswell et al. (1988), the 
entire set of samples from both the borehole sec-
tion C-3 Belotintsi and the section Bov show DOP 
values that are typical of anoxic to euxinic deposi-
tional settings. To a lesser extent, this also applies to 
the data from the Etropole Formation. For the most 
part, DOP values from section Kirchevo, as well as 
a few values of the Etropole Formation, are charac-
teristic of dysaerobic strata. If applied the criteria 
used by Raiswell et al. (2001), the majority of our 
dataset displays IA values that suggest a lack of sta-
ble anoxic bottom-water settings. The values of IA 
are clearly concurrent with those of DOP in all beds 
assigned to the lower Toarcian Tenuicostatum and 
Falciferum zones. Detected lower Toarcian maxima 
of DOP and IA precisely correlate with increased 
TOC contents (> 2 wt%) and enhanced V/(Ni+V) 
and Th/U ratios (> 0.5 and > 2 respectively) (Meto-
diev et al., 2019, 2020, and new authors‘ data). The 
observed coeval increases denote low oxygenation 
levels and enrichment of reactive Fe at the sea floor. 
This depositional setting seems to have concomi-
tantly been imposed in each of the Lower Jurassic 
localities sampled, and therefore to have been of 
more than local importance, but it was not stable. 
Beyond it, the Lower Jurassic strata show signs of 
deposition beneath waters with a temporally limited 
volume of euxinic water column. Similar environ-
ments continued to persist during the deposition of 
the mudrocks of the Etropole Formation. The lat-
ter have always been considered to have formed in 
deeper-marine and oxygen-depleted setting. How-

Fig. 1. Stratigraphic variations of DOP and IA values across the upper Pliensbachian–Toarcian strata exemplified by the data from 
borehole section C-3 Belotintsi and section Kirchevo. Data from all sampled sites are shown in the scatter plot at top left.
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ever, it has recently been demonstrated that there 
are interbedded lithologies, which are indicative for 
deposition at shallower depths under more intense 
hydrodynamic conditions (Metodiev et al., 2022). 
Samples analyzed for DOP and IA mostly came 
from the rocks of the Dobravitsa Member of the 
Etropole Formation, which were assumed to be the 
product of alternated bottom-current and stagnant-
water conditions (ibid.). Their values for DOP (av. 
0.35), and especially those for IA (av. 0.12), are 
typical of oxygenated settings with high terrigenous 
sediment influx (cf. Wignall, Newton, 2001), and 
therefore are in agreement with the initial interpre-
tation. An exception was made by two shale sam-
ples, collected adjacent to section Bov, which pro-
duced values of DOP > 0.7, and of IA ~0.4. From 
these, it may also be suggested that both the Lower 
and Middle Jurassic mudrocks of this area may have 
been affected by a diagenetic sulphidation. Also in-
triguing are the DOP and IA data from shale litholo-
gies from the Etropole-Teteven area, for which Bot-
oucharov et al. (2022) recently measured modest 
TOC values of around 1 wt% and also found to be 
of high maturity. These rocks were supposed to be 
deposited in basinward stagnant environments. In-
stead, low DOP (< 0.5) and even lower IA (< 0.07) 
values were obtained, which suggest the occurrence 
of small volume or even the absence of stratified 
water column during the deposition.

In summary, the Bulgarian sections and localities 
yielded notable DOP and IA values, which allowed 
their evaluation in terms of oxygenation levels. The 
resulting data are comparable both in value and in 
stratigraphic context with data from elsewhere, e.g., 
from U.K. and Germany (Raiswell et al., 1988). 
Based on the studied parameters, oxic to dysoxic 
depositional environments, with periodic excur-
sions to anaerobic conditions above the sea bottom, 
were recognized. Most significant is the contem-
poraneous occurrence of the highest DOP and IA 
values in the lower Toarcian strata, which also was 
found to coincide with enrichment of some redox-
sensitive elements. Expected DOP values were ob-
tained from the Middle Jurassic rocks, but the low 
IA values indicate the need for their reevaluation in 
a depositional context.
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