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The labile degradation product of chlorophyll-a – 132,173-cyclopheophorbide-a enol (CPPB-aE) – has
been found in considerable amounts (up to 380 nmol/g d.w.) in marine sediments from the Gdańsk
Deep (southern Baltic Sea) and in hypoxic/anoxic sediments from the Oslofjord/Drammensfjord (up to
371 nmol/g d.w.). A modified version of HPLC-DAD analysis with a lower column temperature (10 �C) sig-
nificantly improved separation of this compound. The results of this work show that the presence of
CPPB-aE in sediments, owing to its instability under oxic conditions, may be a biomarker of oxygen defi-
ciency in near-bottom water.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The early diagenesis of chlorophyll-a in sediments has been
studied for many years and the variety of chlorophyll-a derivatives
found in marine and/or lacustrine sediments described (e.g.
Eckardt et al., 1992; Louda et al., 2000; Leavitt and Hodgson,
2001). Pigments in sediments have aroused interest as possible
biomarkers to determine sources and transformation pathways of
organic matter, diagenetic processes and/or depositional condi-
tions (e.g. Harris et al., 1996; Chen et al., 2001; Szymczak- _Zyła
et al., 2011). The best-known chlorophyll-a derivatives in recent
sediments, and thought to be the most abundant, are
pheophytin-a, pheophorbides-a and their pyro-derivatives. There
are also many lesser known chlorophyll-a degradation products:
one such example is 132,173-cyclopheophorbide-a enol (CPPB-
aE). This derivative was first recorded in marine sponges and char-
acterised by Karuso et al. (1986). Since then, a few papers have
reported the presence of this derivative in different marine organ-
isms such as benthic dinoflagellates (Yamada et al., 2014) or
bivalves (Louda et al., 2008). CPPB-aE has also been detected in
particulate organic matter collected in sediment traps (Ocampo
et al., 1999) and in marine sediments from the Black Sea, Mediter-
ranean Sea, Peru Margin and Florida Bay (Ocampo et al., 1999;
Goericke et al., 2000; Louda et al., 2000). The sources of this
chlorophyll-a derivative for sediments are not fully known.
Goericke et al. (2000) suggested that the major source of CPPB-aE
was herbivores feeding on phytoplankton, but those authors did
not rule out the possibility that it could also be formed in sedi-
ments. This was indeed confirmed by Louda et al. (2000) during
studies of chlorophyll-a diagenesis in the carbonate sediments of
Florida Bay. The papers addressing the issue of CPPB-aE in sedi-
ments began by pointed out the instability of this compound under
oxic conditions, but also indicated that it was one of the most
abundant chlorophyll-a derivatives in recent sediments. Ocampo
et al. (1999) even suggested that the formation of CPPB-aE was a
major diagenetic pathway for chlorophyll-a. Therefore, it is quite
surprising that many scientists studying pigments in sediments
have not observed the occurrence of this derivative.

The aim of this study was to find out whether CPPB-aE is pre-
sent in Baltic Sea sediments and if so, whether it could be used
as a proxy of oxygen deficiency in near-bottom water.
2. Experimental

The study was conducted primarily in the Gdańsk Basin of the
southern Baltic Sea (Fig. 1). The samples were collected during
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Fig. 1. Location maps showing sampled areas.
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two cruises: in April 2014 and April 2015, at eight stations in total,
twice at three of them (during both cruises). The stations were
selected in order to represent different near-bottom oxygen condi-
tions (Table 1). The stations were located in the shallow, well-
oxygenated part of the Gulf of Gdańsk and also in the deeper part
of the study area (Gdańsk Deep), where the waters are stratified
and the strong halocline prevents vertical mixing in the water col-
umn, resulting in hypoxia/anoxia in the near-bottom water
(IMGW, 2013). To confirm the relationships observed in the
Gdańsk Basin, results for sediment samples taken in June 2014
from another area – Oslofjord/Drammensfjord (southern Norway)
– at two hypoxic/anoxic stations and one with a higher oxygen
content in the near-bottom water (Fig. 1; Table 1), were also
included. Recent sediments (up to 10 cm) were collected with a
Niemistö core sampler. After collection, the cores were divided into
layers: 0–1 cm, 1–5 cm, 5–10 cm. In addition, a 50-cm long core
was taken in April 2015 at the Gdańsk Deep station with a low oxy-
gen content in the near-bottom water (P116). This core was
divided into 2 cm thick layers. Sediment sub-samples were placed
into tight sealed polyethylene bags and stored in a deep-freeze
(�20 �C) until further analysis. Sediment handling was done under
nitrogen protective atmosphere. The water depth and near-bottom
water oxygen concentration were measured during sediment
sampling.

Pigment analyses and quantifications were carried out accord-
ing to procedures described in detail elsewhere (Szymczak- _Zyła
et al., 2008), slightly modified. In brief, ultrasound-assisted
extraction of sediments with acetone was applied, followed by
separation and identification using a high-performance liquid
chromatography system equipped with a diode-array detector
(HPLC-DAD). The pigments were separated on a Lichrospher
100RP-18e column (250 � 4 mm, 5 mm;Merck, Germany). The only
modification of the method was the lower column temperature
(10 �C) during analysis.
To assess the stability of CPPB-aE in the sediments stored frozen
(�20 �C), a long-term (8 months) ‘storage experiment’ was
performed. Samples (in triplicate, n = 3) kept in tight sealed poly-
ethylene bags were analysed after 0 (initial), 1, 2, 4, 6 and 8 months
of storage.

To assess the influence of oxygen on CPPB-aE stability, a short-
term (4 weeks) ‘incubation experiment’ was performed. Sediment
samples (in triplicate, n = 3) kept in different conditions (A – dark-
ness, room temperature (�25 �C); B – darkness, refrigerator
(�5 �C); C – darkness, room temperature, inert gas (argon);
D – darkness, refrigerator, inert gas) were analysed after 0 (initial),
1, 3, 7, 14, 21 and 28 days of incubation. Both experiments were
carried out on sediments with a high CPPB-aE content.

The data were analysed statistically using STATISTICA 12.5 soft-
ware (StatSoft, Poland). Repeated measures of analysis of variance
(rANOVA) was used to reveal differences between the mean
chloropigment content in samples during the laboratory experi-
ments. Correlation analysis was used to evaluate the relationships
between the CPPB-aE/RChlns-a ratio in the sediment and the
environmental parameters. Since the basic conditions necessary
for using the parametric linear correlation (tested using the
Shapiro-Wilk and Brown-Forsyth tests) were not fulfilled, its
non-parametric equivalent was applied.
3. Results and discussion

The HPLC-DAD chromatogram of the pigment extract from
Gdańsk Basin sediments registered at 660 nm shows
pyropheophorbides-a, pheophytin-a and pyropheophytin-a as
major chlorophyll-a derivatives (Fig. 2A). These pigments are com-
monly found in sediments (e.g. Bianchi et al., 2002; Szymczak- _Zyła
et al., 2011). Moreover, another chlorophyll-a derivative – 132,173-
cyclopheophorbide-a enol (CPPB-aE) – was identified in the



Table 1
Characteristics of the sampling stations and average contents of chloropigments-a in recent sediments (0–10 cm).

Station Date of collection Oxygen in near-bottom water [mg/l] Chloropigments-a in sediments [nmol/g d.w.] CPPB-aE/RChlns-a

Layer [cm] CPPB-aE * RChlns-a **

Gdańsk Basin
P1 04.2014 3.4 0–1 380 ± 13*** 795 ± 10 0.48

1–5 295 ± 15 346 ± 8 0.85
5–10 254 ± 8 210 ± 6 1.21

M1 04.2014 3.9 0–1 301 ± 15 604 ± 28 0.50
1–5 201 ± 10 267 ± 8 0.75
5–10 271 ± 8 211 ± 10 1.28

P116 04.2014 0.5 0–1 370 ± 5 616 ± 9 0.60
1–5 220 ± 10 272 ± 12 0.81
5–10 275 ± 4 190 ± 2 1.45

04.2015 2.7 0–1 303 ± 8 550 ± 1 0.55
1–5 208 ± 11 260 ± 10 0.80
5–10 270 ± 12 200 ± 8 1.35

P110 04.2014 5.4 0–1 180 ± 7 354 ± 1 0.51
1–5 192 ± 1 253 ± 9 0.76
5–10 145 ± 5 147 ± 4 0.99

04.2015 11.3 0–1 108 ± 9 300 ± 14 0.36
1–5 198 ± 12 260 ± 2 0.76
5–10 168 ± 10 165 ± 5 1.02

BMPK10 04.2014 11.1 0–1 31 ± 1 86 ± 4 0.36
1–5 6 ± 0.4 21 ± 1 0.29
5–10 <0.6 10 ± 0.5 <0.06

04.2015 12.4 0–1 23 ± 1 65 ± 2 0.35
1–5 <1.2 35 ± 0.7 <0.03
5–10 <0.6 16 ± 0.4 <0.04

P104 04.2014 12.1 0–1 30 ± 0.8 78 ± 5 0.38
1–5 <0.7 23 ± 1 <0.03
5–10 <0.7 22 ± 0.5 <0.03

PGd 04.2015 12.5 0–1 15 ± 0.6 50 ± 1 0.30
1–5 <1.5 48 ± 2 <0.03
5–10 <1.0 23 ± 1 <0.04

P114 04.2015 13.1 0–1 15 ± 1 58 ± 0.5 0.26
1–5 <0.5 40 ± 1 <0.01
5–10 <0.5 44 ± 2 <0.01

Oslofjord/Drammensfjord
B 06.2014 0.5 0–1 36 ± 1 60 ± 0.7 0.60

1–5 24 ± 0.5 28 ± 1 0.86
5–10 60 ± 2 51 ± 1 1.18

C 06.2014 9.2 0–1 13 ± 10 35 ± 1 0.37
1–5 <0.8 10 ± 0.2 <0.08
5–10 <0.8 10 ± 0.5 <0.08

E 06.2014 0.2 0–1 199 ± 9 321 ± 10 0.62
1–5 238 ± 10 264 ± 7 0.90
5–10 371 ± 15 285 ± 12 1.30

* 132,173-cyclopheophorbide-a enol.
** Sum of other chloropigments-a (pheophorbides-a, pyropheophorbides-a, chlorophyll-a-allomers, chlorophyll-a-epimer, pheophytin-a, pheophytin-a-epimer,

pyropheophytin-a and steryl chlorin esters.
*** Mean value ± R/2 (R = |x1 � x2|); n = 2.

168 M. Szymczak- _Zyła / Organic Geochemistry 115 (2018) 166–173
sediments on the basis of its characteristic spectrum: it has absorp-
tion maxima at 360, 425 and 686 nm (Fig. 2B). Only a few authors
have previously found CPPB-aE in marine sediments (Ocampo
et al., 1999; Goericke et al., 2000; Louda et al., 2000). This may
be because the analysis of this compound can be difficult, an aspect
mentioned by other authors. Aydin et al. (2003) pointed out that
the method traditionally used in their laboratory for other
chlorophyll-a derivatives did not allow CPPB-aE to be clearly dis-
tinguished from the baseline. If C-18 columns were used, better
separation of this peak would require a different solvent system
and gradient (Aydin et al., 2003); failing this, another type of col-
umn, e.g. a C-30, would have to be applied (Goericke et al.,
2000). The method described here used a C-18 column, but a lower
column temperature (10 �C) improved separation of CPPB-aE from
other chlorophyll-a derivatives (Fig. 2C). Another reason for this
derivative not being detected in sediments may be because it is
unstable in the presence of oxygen, which may cause it to decom-
pose after sediment collection. The ‘storage experiment’ showed
that, compared with the initial value, storage for 4 months at
�20 �C still yielded a high percentage CPPB-aE recovery (89%;
Fig. 3). A statistically significantly (p < 0.05) lower percentage of
this compound was recorded after 6 months of storage, but the
percentage of chlorophyll-a and other major chlorophyll-a
derivatives did not change significantly (Fig. 3).

CPPB-aE was detected in surface sediments (0–1 cm) at all
stations (13–380 mnol/g d.w) both in the Gdańsk Basin and the
Oslofjord/Drammensfjord (Table 1). In the deeper sediments
(layers: 1–5 and 5–10 cm) this compound occurs in considerable
amounts only in cores sampled at stations where the near-
bottom water is oxygen-deficient. Goericke et al. (2000) suggested
that the major source of CPPB-aE in sediments was herbivores
feeding on phytoplankton, which would explain the presence of



Fig. 2. HPLC-DAD chromatograms of pigments extracted from Gdańsk Basin sediments: (A) recorded at 660 nm; (B) recorded at 686 nm showing the spectrum of CPPB-aE
(the spectrum was collected on-line – in the eluent); (C) influence of column temperature on the separation of CPPB-aE (grey line – 660 nm; black line – 686 nm).
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Fig. 3. Chloropigments-a recoveries (%) from sediments stored in a freezer (�20 �C); light bars – values statistically different from the initial one, p < 0.05; n = 3. Pigment
concentration-initial values [nmol/g d.w.]: CPPB-aE – 225, chl-a – 96, pyrophides-a – 70, phytin-a – 83, pyrophytin-a – 85.
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this compound in all surface (0–1 cm) sediments. Under oxic
conditions in near-bottom water, surface sediments are also
well-oxygenated and CPPB-aE is decomposed – converted to other
derivatives such as chlorophyllones (Goericke et al., 2000; Louda
et al., 2008). Although all chloropigments-a are decomposed under
the influence of physico-chemical factors such as oxygen, the ‘incu-
bation experiment’ showed that incubation of sediments in the
presence of oxygen caused a faster decomposition of CPPB-aE than
of other chloropigments-a. The four-week incubation of sediments
at room temperature resulted in a decrease in CPPB-aE
concentration of approximately 70% compared to initial value
(from 185 nmol/g to 56 nmol/g d.w.), but the change was statisti-
cally significant (p < 0.05) after two weeks (Fig. 4A). Decomposition
of chlorophyll-a was also observed but the change became signifi-
cant only after 3 weeks. Lowering the temperature to 5 �C, i.e. to
the conditions similar to those in the near-bottom water, inhibited
decomposition of chlorophyll-a, but only slightly reduced decom-
position of CPPB-aE (Fig. 4B). Only by flushing the sediments with
inert gas (argon), which produced anaerobic conditions, could the
decomposition of this compound be significantly inhibited
(Fig. 4C and D). Incubation of sediments under anaerobic
conditions resulted in an increase of CPPB-aE concentration and a
decrease of pyropheophorbide-a by 22% and 30%, respectively. This
corroborates the observation of Louda et al. (2000) that this
chlorophyll-a derivative can also be formed in hypoxic/anoxic
sediments: those authors reported that sedimentary
pyropheophorbide-a from Florida Bay was readily converted to
CPPB-aE within the first 20 cm of burial.

The sediments differed not only in the total contents of CPPB-aE
but also in the molar ratio of CPPB-aE to the sum of other
chloropigments-a (CPPB-aE/RChlns-a) (Table 1). The ratio of
CPPB-aE/RChlns-a in surface sediments (0–1 cm) was higher in
the samples from the Gdańsk Deep stations and hypoxic/anoxic
sediments from the Oslofjord/Drammensfjord (0.48–0.62) than in
the well-oxygenated ones (0.26 –0.38). The analysis of variance
indicated that these differences are statistically significant
(Kruskal-Wallis ANOVA, p < 0.01). Analysis of correlation revealed
a statistically significant negative correlation between the
CPPB-aE/RChlns-a ratio and the oxygen content in the near-
bottom water (Spearman R, r = �0.9, p < 0.05). An interesting case
is station P110, where the oxygen content in the near-bottomwater
was higher in April 2015 than in April 2014, but the CPPB-aE/
RChlns-a ratio in the surface sediments from this station was lower
in April 2015 than in April 2014 (Table 1). This indicated that oxy-
gen may be a factor affecting this ratio in surface sediments. The
ratio of CPPB-aE to the sum of other chloropigments-a (CPPB-aE/
RChlns-a) was higher in the deeper sediment layers (up to 1.44 at
station P116) than in the surface layer. This confirmed the observa-
tion of other authors (Louda et al., 2000) and the results of ‘incuba-
tion experiments’ (Fig. 4C and D) that CPPB-aE can also be formed in
sediments.

In addition, a 50-cm long sediment core, taken from an area
with a known history regarding oxic conditions in near-bottom
water (Gdańsk Deep, station P116), was examined. According to
the accumulation rate determined for the sediments collected at
the same station (Szymczak- _Zyła et al., 2017), these sediments
were deposited over the last 360 years. The oxygen concentration
in the water of the Gdańsk Deep has been decreasing since
the beginning of the 20th century (Cyberska and Lauer, 1990). This
is in accordance with the profile of CPPB-aE contents in this
core (Fig. 5). During good oxygen conditions in near-bottom water,
CPPB-aE was either absent or present in low quantities
(layers from 50 to 14 cm) and CPPB-aE/RChlns-a ratio lower than
0.28. In the layer 12–14 cm (formed around the 1920s), the
concentration of this compound increased. The highest value of
CPPB-aE was found in the 8–10 cm layer (350 mnol/g d.w.;
Fig. 5), which was formed around the 1950s (between 1944
and 1958); this was even higher than the sum of other
chloropigments-a (CPPB-aE/RChlns-a = 1.4). According to the
literature, hydrogen sulphide was first recorded in the Gdańsk
Deep in the 1963, although a critical situation had been observed
earlier (Piechura et al., 1963; SHMI, 1968–1970). The near-
bottom water of the Gdańsk Deep subsequently became deficient
in oxygen.

This study of recent sediments shows that regardless of the
sources of CPPB-aE for sediments, the high content of this deriva-
tive in deeper sediment (high CPPB-aE/RChlns-a ratio) may be a
biomarker indicating oxygen deficiency in near-bottom water.
Future analyses of a longer sediment core (formed over the past
millennia) will show whether the method indicating the presence
of hypoxic periods, outlined in this work, is also suitable for much
older sediments. Identification of past hypoxic periods is very
important, especially in the context of climate change studies,
especially since the methods currently used for this purpose, i.e.
the presence of laminar layers in the sediment record or trace
element distribution, do not always yield conclusive results.



Fig. 4. Chloropigments-a recoveries (%) from sediments incubated in different conditions: (A) darkness, room temperature (�25 �C); (B) darkness, refrigerator (�5 �C); (C)
darkness, room temperature, inert gas; (D) darkness, refrigerator, inert gas; light bars – values statistically different from the initial one, p < 0.05; n = 3. Pigment concentration
-initial values [nmol/g d.w.]: CPPB-aE – 185, chl-a – 79, pyrophides-a – 80, phytin-a – 85, pyrophytin-a – 98.
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Fig. 5. Downhole profile of chloropigment-a contents [nmol/g d.w.] in the 50-cm long sediment core (Gdańsk Deep, station P116).
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4. Conclusions

The results show that especially high quantities (up to 380
nmol/g d.w.) of 132,173-cyclopheophorbide-a enol (CPPB-aE),
the labile degradation product of chlorophyll-a, are present in
Gdańsk Basin sediments in samples from the Gdańsk Deep,
where the near-bottom water is deficient in oxygen. This deriva-
tive was also detected in hypoxic/anoxic sediments from the
Oslofjord/Drammensfjord (up to 371 nmol/g d.w.). The ‘storage
experiment’ showed that sediment samples can be stored in a
freezer (�20 �C) for up to 4 months without risking the degrada-
tion of this compound. Owing to its instability under oxic
conditions, as confirmed by the ‘incubation experiment’, CPPB-
aE may be a biomarker of oxygen deficiency in near-bottom
water. The four-week incubation of sediments at room tempera-
ture and in the presence of oxygen resulted in a decrease in
CPPB-aE concentration of approximately 70% compared to the
initial value. Flushing sediments with inert gas (argon), which
produced anaerobic conditions, significantly inhibited decomposi-
tion of this compound.
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