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A B S T R A C T   

Pteropods are holoplanktonic molluscs presently endangered because their fragile aragonitic shell is very sen-
sitive to ocean acidification. The preservation of pteropods, and in particular of the mesopelagic Heliconoides 
(Limacina) inflatus, has been used to assess aragonite saturation state in Quaternary sediments (Limacina Disso-
lution Index, LDX) as an inferred proxy for climatic changes. 

Three deep-sea cores retrieved in 2016 during the EUROFLEETS2 SEMSEEP cruise offshore Israel are inves-
tigated to assess the preservation degree of H. inflatus (d’Orbigny, 1835) in representative environments across 
the base of the southeastern Mediterranean margin (cold water coral, active seepage pockmark and deep sea 
channel areas). In some core intervals, yellowish, recrystallized internal molds of this species are present. They 
have been previously observed in the Eastern Mediterranean, but the nature and origin of their colour was never 
explained. Scanning Electron Microscopy (SEM), Energy Dispersive Spectroscopy (EDS) and Electron Backscatter 
Diffraction (EBSD) revealed that the recrystallized molds of the H. inflatus shells are formed by aragonite needles 
and high-Mg calcite crystals. The formation and preservation of these internal molds is induced by advective 
methane emissions, typically precipitating aragonite and High-Mg calcite phases close to the sediment–water 
interface. These molds were never used in previous applications of the LDX or in any existing ranking of pteropod 
preservation. Therefore, we have categorized these peculiar features combining previous pteropod ranking de-
scriptions with the new observations to develop a modified biotic index (Heliconoides Modified Dissolution Index- 
HMDI). 

High values of the HMDI at the base of the pockmark core correspond to the interval where also active 
seepage-related features – e.g., bubble emissions, low-oxygen benthic foraminifera, chemosymbiotic molluscs, 
small fragments of authigenic carbonate crusts and slightly depleted δ13C values – occur, showing the applica-
bility of the HMDI to methane seeps environments.   

1. Introduction 

Holoplanktonic molluscs are endangered organisms due to ocean 
acidification (OA). Their fragile aragonitic shell is very sensitive to this 
process due to the high solubility of aragonite (e.g., Bednaršek et al., 
2012a; Bednaršek et al., 2012b). The cosmopolitan Euthecosomata 

pteropod Heliconoides inflatus (d’Orbigny, 1835) (previously named 
Limacina inflata) is a very common warm-water species. Its juveniles 
have an epipelagic stage, living in the top 100 m, whereas the adults 
become mesopelagic, reaching living depth below the thermocline at 
350–250 m during the day, and migrating up to 50 m depth at night (Bè 
and Gilmer, 1977; Wormuth, 1981; Gerhardt and Henrich, 2001). 
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The preservation of pteropod shells has been widely studied to trace 
aragonite dissolution in late Quaternary sediments (e.g., Almogi-Labin 
et al., 1986; Gerhardt et al., 2000). Almogi-Labin et al. (1986) identified 
five categories, including internal molds and shells with secondary 
aragonite overgrowths. The Limacina Dissolution Index (LDX) was firstly 
developed by Gerhardt et al. (2000) based on the observations of 
Almogi-Labin et al. (1986). Their index is based on five categories, going 
from ‘transparent shells’ (stage 0) to ‘opaque white, totally lustreless and 
perforated shells’ (stage 5). 

As Almogi-Labin et al. (1986) pointed out, the variability of ptero-
pods preservation, the dissolution of their shells and the formation of 
internal molds in the sediments indicate the variation in carbonate 
chemistry of deep water and in bottom sediment interstitial waters. 
Thus, it derives from the combination of several factors, such as the 
amount of organic matter, anaerobic conditions and the consequent 
production of CO2, denitrification and sulphate reduction in the sedi-
ments. These processes are common in methane-emission environments 
(e.g., cold seeps), where the waters are rich in methane and sulphates, 
resulting in the formation of high-Mg calcite carbonates (HMC); 
methane derived authigenic carbonates (MDAC), aragonite and euhe-
dral gypsum crystals (Boetius et al., 2000; Panieri et al., 2017; Schneider 
et al., 2017, Schneider et al., 2018). Panieri et al. (2017) and Schneider 
et al. (2017), Schneider et al. (2018) document the presence of HMC 
inside benthic and planktonic foraminifera shells close to an active 
methane seep in the Vetsnesa Ridge (Western Svalbard) where the 
Sulfate-Methane Transition Zone (SMTZ) is close to the seafloor. 
Generally, HMC precipitates together with aragonite, during methane 
emission with high intensity flux (Aloisi et al., 2000; Greinert et al., 
2001; Naehr et al., 2007; Schneider et al., 2018). 

We investigate the morphology, chemistry and crystal orientation in 
different specimens of H. inflatus using different analytical techniques: 
visual classification, Scanning Electron Microscopy (SEM), Energy 
Dispersive Spectroscopy (EDS), Electron Backscatter Diffraction (EBSD). 

The aim of this work is to understand the effect of seepage emissions 
and consequent changes in water chemistry on the preservation state of 
this species and to numerically express it with a modified index that 

results from the combination of the methods proposed by Gerhardt et al. 
(2000) and Almogi-Labin et al. (1986) and the addition of a new 
category. 

2. Study area 

The Levantine Basin (southeastern Mediterranean Sea) is ultra- 
oligotrophic. Its surface water mass (Levantine Surface Waters, LSW) 
has temperature and salinity seasonal variations ranging from ~15 ◦C to 
~28 ◦C and 38.9 ‰ to 39.3 ‰, respectively (Hecht, 1992; Ozer, et al., 
2017, Ozer et al., 2020). This is also reflected by the measurements of 
the 2016 SEMSEEPS cruise that is at the base of this study (Makovsky 
et al., 2016). Below the SLV the Modified Atlantic waters (MAW) have a 
thickness of 50–200 m and salinity of 38.6 ‰. The underlying Levantine 
Intermediate Water (LIW), formed in the Levantine Basin between 200 
and 800 m depth have temperatures and salinities of 15 ◦C to 17 ◦C and 
~39‰, respectively. Under the LIW lies the Eastern Mediterranean 
Deep-Water mass (EMDW), with relatively stable salinity of 38.7‰ and 
temperature of 13.35 ◦C (Fig. 1; Roether et al., 2007). The EMDW forms 
both in the Southern Adriatic cyclonic gyre (Skliris, 2014) and in the 
Aegean Sea (Hecht, 1992; Roether et al., 2007), with an abrupt recent 
switch occurring between them. 

The Levantine Basin receives its primary supply of sediments and 
nutrients from the Nile River and is extremely sensitive to climatic 
changes (Almogi-Labin et al., 2009). Sediments and nutrients are 
directly transported to the basin floor through turbidite channels formed 
in the Nile Deep Sea Fan, and through an along-shore bypass along the 
southeastern Levant continental margin (Gvirtzman et al., 2015; 
Schattner and Lazar, 2016). The southeastern Levant seafloor is 
deformed due to the mobilization of sediments over the Messinian 
evaporites (Gvirtzman et al., 2015). In particular, Palmahim Distur-
bance (PD) is a large scale (20 × 10 km) salt rooted submarine rotational 
slide across the continental shelf and slope offshore southern Israel, 
between water depths of 70 and 1200 m (Garfunkel et al., 1979). On the 
northern margin of PD, between water depths of ~500 to 800 m, rocky 
authigenic carbonate outcrops, which are associated with paleo- 

Fig. 1. Schematic summary of the vertical distribution of the Mediterranean water masses. Image modified after GRID-Arendal (https://www.grida.no/resou 
rces/5885) based on Zavatarelli and Mellor (1995). White star = Core AG16-20-BC1; Red star = Core AG16-23-BC2; Blue star = Core AG16-25-BC1a. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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seepage, served as settling grounds to multiple deep-sea corals and 
associated habitats (Coleman et al., 2012; Spiro et al., 2021). Several 
active seepage features, including carbonate crusts, bacterial mats, 
bivalve beds and chemosymbiotic living fauna, were documented within 
~1 km scale pockmarks at the western toe region of PD (Coleman et al., 
2012; Rubin-Blum et al., 2014; Basso et al., 2020; Beccari et al., 2020; 
Sisma-Ventura et al., 2022; Lawal et al., 2023). 

3. Material and methods 

Samples were collected during the EUROFLEETS2 SEMSEEP cruise 
(September 2016) onboard the R/V Aegaeo offshore Israel (Makovsky 
et al., 2016). A 30 × 30 cm box corer with a 60 cm penetration depth was 
used to obtain undisturbed samples. For this study, three cores from 
three representative areas were selected, the AG16-20-BC1b in the Coral 
area was collected at 690 m water depth. This Coral area will be here-
after called Coral-transition area because seep-related elements are also 
present in the core (e.g., ox-redox black and orange tubes, gypsum 
crystals). Core AG16-23-BC2 was collected in the Pockmark area at 
1038 m water depth. Core AG16-25-BC1a was collected in a deep-sea 
channel of the Nile Deep Sea Fan, within Gal-C exploration block 
~40 km west of PD, at 1310 m water depth (Fig. 2; Table 1). Sediments 
are dominantly composed by brownish pelagic clay, often intercalated 
with light and/or dark lenses. Surface sediments show slight (AG16-25- 
BC1a) to intense (AG16-23-BC) bioturbations (Makovsky et al., 2016). 

Samples were investigated at two centimeters resolution. They were 
dried at open air, weighed, the volume was measured and then they 
were gently washed with a 32 µm mesh sieve. After washing and drying 
processes, residues were weighed. Grain size analyses (phi categories) 
were performed using dry sieving (500 µm, 250 µm, 125 µm, 63 µm and 
>32 µm). Pteropods and Heteropods were identified at species level and 
counted (Beccari et al., 2023). Following Gerhardt et al. (2000) a 
maximum of 40 specimens of H. inflatus were picked from the >250 µm 
fraction, samples with less than 10 specimens of H. inflatus were dis-
carded. To assess the preservation state, light microscopy images of 
H. inflatus were taken on reference specimens with a Nikon SMZ18 mi-
croscope equipped with a camera and all other specimens were cate-
gorized accordingly. 

Microstructural analysis of pteropod tests was carried out on selected 

specimens using Scanning Electron Microscopy (SEM, Thermo Fisher 
SEMFEIXL 30SFEG upgraded to remX Microscope control) at the Uni-
versity of Fribourg, after coating them with 40 nm of gold, using a high 
vacuum pump for at least 30′. Further Energy Dispersive X-ray Spec-
trometry (EDS, AZTec Advanced System with EDS Silicon Drift Detector 
XmaX 150 mm2 with 127 eV energy resolution) and Electron Backscatter 
Diffraction (EBSD, HKL Advanced with a Nordlys camera and forescatter 
detector, with 4 diodes) micro-analyses were conducted to evidence the 
different chemical composition of the shells and crystal orientations. In 
particular, maps of the distribution of aragonite and calcite in the shells 
were obtained through EBSD analyses and elemental mapping with EDS. 

Stable isotope analyses of benthic and planktonic foraminifera can 
provide important information about the chemical environment that 
affected shell formation and post-mortem diagenesis. Negative carbon 
isotopic peaks (δ13C), may be due to local methane release (Torres et al., 
2003) and the δ13C signature of altered benthic foraminifera can be used 
to reconstruct the sulphate-methane transition zone (SMTZ) dynamics 
(e.g., Schneider et al., 2018; Panieri et al., 2016a; Panieri et al., 2016b). 

The oxygen isotope composition (δ18O) of planktonic and benthic 
assemblages reflects that of ambient seawater which depends mainly on 
temperature (McCrea, 1950), and on salinity (Craig and Gordon, 1965). 
Methane emissions may also affect δ18O (Dessandier et al., 2020). The 
following species were used for isotope analyses: the planktonic fora-
minifera Globigerinoides ruber (d’Orbigny), and the benthic species Uvi-
gerina mediterranea Hofker, Uvigerina peregrina Cushman, Bulimina 
marginata d’Orbigny, Melonis barleeanum (Williamson), Chilostomella 
oolina Schwager, and Cibicides lobatulus (Walker and Jacob). Samples 
were placed in 4.5 mL vials, flushed with He and H3PO4, equilibrated for 
more than two hours at 50 ◦C and then analysed on Gasbench II and 
MAT253 IRMS for δ13C and δ18O. Between 5 and 10 foraminiferal tests 
were picked from the 125–250 µm size fraction. Results were normalized 
to the Vienna PDB. The instrument uncertainty is standard deviation 
≤0.1 permil (ThermoScientific). 

Accumulation of organic matter can affect the preservation of the 
pterodopod shells and may give relevant information of surface pro-
ductivity. A standard Rock-Eval 6 model (Vinci Technologies, Rueil 
Malmaison, France) was used to obtain the Total Organic Carbon (TOC 
%) and Carbonates wt. % at the University of Lausanne. Between 60 and 
80 mg of sediments powder was used for each sample. The technique is 

Fig. 2. Location map of the studied area (offshore Israel) showing the position of the cores AG16-20-BC1b (Coral-transition area), AG16-23-BC2 (Pockmark area) and 
AG16-25-BC1a (Gal-C deep-sea channel area). Map modified from Generic Mapping tools (GMT 5, Wessel et al., 2013). 
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based on pyrolysis in an inert atmosphere followed by oxidation, using 
temperatures between 200 and 850 ◦C. 

Radiocarbon dating was performed at the Eidgenössische Technische 
Hochschule (ETH) Zürich using the AMS accelerator mass spectrometer. 
The benthic foraminifera Cibicides pachyderma (Rzehak) was selected for 
core AG16-20-BC1b as it was the most abundant species; the planktonic 
foraminifera G. ruber and Trilobatus sacculifer (Brady) were selected for 
cores AG16-23-BC2 and AG16-25-BC1a, 1877). Specimens were picked 
from the fraction >250 µm, grouped to reach 4–12 mg of pure carbonate 
and cleaned in ultrasound bath for few seconds to remove any possible 
contamination. All results are corrected for δ13C measured on graphite 
sample and expressed in radiocarbon age units i.e., BP = 1950 CE. 
Radiocarbon ages were calibrated using the Marine20 calibration curve 
(Heaton et al., 2020). 

4. Results 

4.1. Chemical analysis 

Nine specimens of H. inflatus were tested for EDS and EBDS analyses. 
The results of four selected specimens best representing the different 
stage of preservations are documented in Figs. 3, 5-6. 

4.2. Energy Dispersive X-ray (EDS) analysis 

Microstructural and chemical analysis revealed three main shell 
preservation types: an original aragonitic shell still preserved (Fig. 3, n. 
2), a recrystallized aragonite shell (Fig. 3, ns. 3,4) and an infilling 
sediment composed mainly by high-Mg calcite (Fig. 3, n.5). Several 
other elements, such as Sr, Si, Fe, Al, K, Ti, can be recognized only in 
smaller quantities in the indurated sediments infilling the shells (Sup-
plementary Material 1). 

4.3. Electron Backscatter Diffraction (EBSD) analysis 

Chemical, microgranular and microstructural analyses supported the 
distinction of the aragonite and calcite phases of CaCO3 (Fig. 3, ns. 2b- 
5b). Crystal orientation is presented on color maps, with the same color 
corresponding to the same orientation (Fig. 3, ns. 2e-5e). Thus, the EDS 
spectra analysis allowed to assess that: 1) both the original and the 
recrystallized shells were made by aragonite; 2) the aragonitic needles of 
the lithified and recrystallized shells follow a precise mirrored growth 
pattern going from the center of the lithified infilling towards the outer 
boundary of the shell (Fig. 3, ns. 3e-4e), whereas crystal orientation of 
the HMC phase shows a random growth pattern (Fig. 3, ns. 2e-5e). 

When the original aragonitic shell was still preserved (Fig. 3, n. 2), 
the equipment was not able to detect the grains in the phase map (Fig. 3, 
n. 2b), probably due to the very fine size of the crystals. However, the 
aragonitic border is clearly shown in the Ca map (Fig. 3, n. 2c) as well as 
the infilling, where the amount of Mg is important (Fig. 3, n. 2d). The 
HMC infilling is more pronounced in specimen 5 (Fig. 3, n. 5) where the 
difference between aragonite and high-Mg calcite is very clear (Fig. 3, 
ns. 5b-5d). Some specimens with a recrystallized aragonite shell were 
also filled with aragonite needles and HMC crystals (Fig. 3, n. 3). 

4.4. Scanning Electron Microscope (SEM) analyses 

The Scanning Electron Microscope (SEM) analyses on selected 

specimens from the studied cores reveal differences in the wall structure 
of the shells in specimens with different preservation stages. 

In particular, well-preserved specimens (Fig. 4a-b) show the original 
aragonitic helical structure of the shell. Minor dissolution features are 
recognized on the shell surfaces (Fig. 4a). In opaque lustrous and 
lusterless shells (Fig. 4 c-d) the aragonitic helical layer is not visible 
anymore and distinct dissolution features are recognizable on the shell 
surfaces. Internal molds are formed by aragonite needles filled with 
high-Mg calcite grains (Fig. 3, ns. 1–3, 4,5; Fig. 3g-h). Secondary 
aragonite overgrowths cover the internal molds of the shells (Fig. 3, n. 5; 
3h). 

4.5. Index values 

4.5.1. The Heliconoides inflatus Modified Dissolution Index, HMDI 
Pteropods were tentatively classified following Gerhardt et al. 

(2000) who refer exclusively to specimens with their original shell still 
preserved. These classes are: stage 0: transparent shells, stage 1: milky 
and cloudy shells, lustrous shell surface, stage 2: opaque-white shells, 
lustrous shell surface, stage 3: opaque-white shells, partly lustreless shell 
surface, stage 4: opaque-white shells, totally lustreless shell surface, 
stage 5: opaque-white shells, totally lustreless and perforated shell. The 
Gerhardt et al. (2000) classes are based on Almogi-Labin et al. (1986) 
categories: (i) transparent shells, (ii) opaque-white shells, (iii) internal 
molds with remnant original shell, (iv) internal molds, (v) secondary 
aragonite overgrowth. The protocol of Gerhardt et al. (2000) was 
tentatively applied to our samples. However, due to the presence of 
significant amounts of internal molds, it was soon clear that new cate-
gories were needed. Therefore, also the categories iii, iv and v described 
by Almogi-Labin et al. (1986) had to be considered. 

We proceeded by steps initially identifying three different modes of 
shell preservation (Table 2):  

• Group (1): (Fig. 4) corresponds to stages 0-1-2 of Gerhardt et al. 
(2000) classification, going from well-preserved transparent to 
opaque and lustreless specimens. It corresponds to stages i and ii of 
Almogi-Labin et al. (1986).  

• Group 2: (Fig. 4) this group includes some other characters 
described by Gerhardt et al. (2000) for stages 2–3; 4 and 5. All of 
them include specimens filled with lithified and recrystallized sedi-
ments, where high-Mg calcite is the dominant phase. The shells are 
not completely replaced but underwent various degrees of shell 
dissolution similarly to some of the features described for stage iii in 
Almogi-Labin et al. (1986) for specimens from the Red Sea.  

• Group 3: (Fig. 4) includes pteropod shells changing into a yellowish 
colour coupled with intensive recrystallization that erase/remove 
the fine details of the original pteropod wall structure. These speci-
mens were observed only in the bottom part of the pockmark core. In 
these specimens, the original aragonitic shell is replaced by fine- 
grained yellowish aragonite needles (stage iv-v of Almogi-Labin 
et al., 1986). This group did not match any group in Gerhardt et al. 
(2000) classification. 

Based on these characters and the poor correspondence with previ-
ously described preservation stages of Gerhardt et al. (2000), and 
Almogi-Labin et al. (1986) seven more detailed stages of pteropods 
preservation (Fig. 4) were identified and integrated in a modified index 
composed by preservation stages 0 to 7: the H. inflatus Modified 

Table 1 
Geographical coordinates, studied interval, size fraction, and water depth of the core samples used in this study (from Makovsky et al., 2016).  

Station Location Interval Size fraction (µm) Latitude (N) Longitude (E) Water depth (m) 

AG16-20-BC1 N Palmahim Disturbance Coral site Core 0–29 cm >250  32◦09.650′ 34◦23.700′ 690 
AG16-23-BC2 W Palmahim Disturbance Pockmarks Core 0–38 cm >250  32◦09.650′ 34◦10.060′ 1038 
AG16-25-BC1a Gal-C channel area Core 0–37 cm >250  32◦24.010′ 33◦39.450′ 1310  
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Fig. 3. Illustration of 5 selected specimens used for EDS and EBDS analysis. 1. (a) Light microscope and (b) SEM images of recrystallized H. inflatus, (c) close up on 
aragonite needles and HMC crystals. 2–5 (a) Light microscope images of the specimens and miniature of the polished specimen used for the analyses, (b) phase maps 
of aragonite (blue) and calcite (red), (c) Ca elemental maps, (d) Mg elemental maps and (e) crystal orientation maps. Note that same color corresponds to same crystal 
orientation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 4. Seven stages of the H. inflatus Modified Dissolution Index (HMDI). Group (1) includes (a) stage 0, transparent shell; (b) stage 1, milky shell; (c) stage 2, 
opaque-white shell lustrous; (d) stage 3, opaque-white shell lusterless. Group 2 includes (e) stage 4, undissolved shells filled with endurated sediment. Group 3 
includes (f) internal molds with remains of the original shell; (g) internal molds; (h) Internal molds covered by secondary overgrowth. 
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Fig. 5. HMDI, stable isotopes, grain size, TOC and % carbonates in the investigated cores. (a) H. inflatus Modified Index values in the cores; (b-c) stable isotopes (δ18O 
and δ13C) measured on benthic and planktonic foraminifera and AMS14C dating; (d) percentages of sand vs clay; (e) Total Organic Carbon (TOC wt. %); (f) Car-
bonates wt %. 
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Dissolution Index - HMDI.  

• Stage 0: Transparent shell  
• Stage 1: Milky shell  
• Stage 2: Opaque shell lustrous  
• Stage 3: Opaque shell lustreless  
• Stage 4: Undissolved shell filled with indurated sediments  
• Stage 5: Internal mold with remnants of the original shell still 

preserved  
• Stage 6: Internal mold  
• Stage 7: Internal mold with secondary overgrowth 

From the original equation of Gerhardt et al. (2000): 

LDX = S
(
npp

)/
Snp (1)  

with p = 0–5, where np is the number of investigated tests per preser-
vation stage and p is the value of the preservation stage (p = 0–5). 

Maintaining the same coefficients, the HMDI modified equation 
becomes: 

HMDI = Σ(npp)/ Σnp (2) 
with p = 0–7, the number of stages (p), increase to p = 0–7 

(Supplementary Material 2). 

4.5.2. Coral-transition area (core AG16-20-BC1b) 
The HMDI could be calculated only for seven samples (from 14 to 27 

cm), where it presents the minimum statistically valid abundance of 
H. inflatus. The original aragonitic shells with an opaque-white lustrous 
shell are preserved in all specimens. The HMDI value range from 2 to 2.2 
(Fig. 5A). The highest sand-fraction content value (5%, Fig. 5A) is 
observed at the base of the core (28–29 cm). δ13C values measured on 
selected benthic foraminifera vary from 0.59‰ to − 2.47‰ (Fig. 5A), 
while the planktonic foraminifera values range from 0.04 to 0.74‰ 
(Fig. 4A; Supplementary Material 3). The δ18O of benthic foraminifera 
ranges from 1.15 to 2.57‰ while those of planktonic foraminifera varies 
from − 0.09 to − 1.43‰ (Fig. 5A; Supplementary Material 3). The TOC 
wt. % values are relatively constant from 0 to 19 cm, ranging from 0.34 
to 0.64%. The highest TOC wt. % values are registered from 19 cm to the 
base of the core, ranging from 0.72 to 1.16 (Fig. 5A). Carbonate wt. % 
also follows the same trend, ranging from 7.82% on top and increasing 
downcore, up to 21.8% (Fig. 5A). 

The AMS 14C dating indicate an age of 1430 ± 20 BP between 2 and 
7 cm, 2875 ± 21 BP at 15 cm and 3470 ± 21 BP between 22 and 25 cm 
(Fig. 5A, Table 3). 

4.5.3. Pockmark area (core AG16-23-BC2) 
The HMDI could be assessed for all samples. The values range from 

1.2 to 4.7 (Fig. 5B). The lowest portion of the core contains the highest 
abundances of recrystallized aragonite specimens, filled with high-Mg 
calcite sediments (Fig. 3, n. 1, Fig. 5B). In the Pockmark core the 
highest sand fraction content (13%, Fig. 5B) is at 34–35 cm. In the lowest 
part of the core a large number of small fragments of authigenic car-
bonate crusts bivalve shells and shrimp claws (Calliax sp.) occur, 
decreasing upcore and disappearing at the top. The heaviest δ13C values 
(around 1‰) of benthic foraminifera are measured in the central part 
and at the base of the core, in correspondence with some of the lowest 
HMDI values (Fig. 5B). Values range from positive (1.13‰) to negative 
in the lower part of the core (-3.11‰; Fig. 5B). Carbon isotope data for 
G. ruber ranged from − 2.11 to 0.98‰ (Fig. 5b, blue line). The δ18O 
values of benthic foraminifera are positive, varying between 1.43 and 
2.91‰ (Fig. 4B). Oxygen isotopes for G. ruber are all positive (0.09 to 
2.04‰; Fig. 4B, blue line), with the only exception of the surface sample 
(-0.44‰; Fig. 5B, Supplementary Material 3). 

The TOC wt. % values are constant throughout the core 
(0.24–0.62%; Fig. 5B). Carbonate wt. % values are higher in the lower 
part of the core (17.10–42.97 %, Fig. 5B, Supplementary Material 3). 

The AMS 14C dating based on mixed planktonic foraminifera G. ruber 
and T. sacculifer provide an age between 1654 ± 23 BP and 4473 ± 25 
BP at 37 cm (Fig. 5B; Table 3). 

4.5.4. Gal-C channel area (core AG16-25-BC1a) 
A pteropod ooze characterizes the top of this core, being dominated 

Fig. 6. Comparison of the wall structure. (a) H. inflatus helical layer; (b) H. inflatus recrystallized aragonite (c) Limacina bulimoides crossed lamellar layer.  

Table 2 
Summary of the groups and categories of pteropod preservation used by Almogi- 
Labin et al. (1986), Gerhardt et al. (2000) and in the present study (Figs. 3 and 
4).  

Groups Almogi-Labin et al. 
(1986) 

Gerhardt et al. 
(2000) 

Present study 

Group  
(1) 

i. Transparent shells 0.Transparent shells 0. Transparent shell  

ii. Opaque-white 
shells 

1. Milky and cloudy 
shells, lustrous shell 
surface 

1. Milky shell   

2. Opaque-white 
shells, lustrous shell 
surface 

2. Opaque shell lustrous 

Group 2 iii. Internal molds 
with remnants of 
original shell (pro 
parte) 

3. Opaque-white 
shells, partly 
lustreless shell 
Surface 

3. Opaque shell 
lustreless   

4. Opaque-white 
shells, totally 
lustreless shell 
Surface 

4. Undissolved shell 
filled with indurated 
sediments   

5. Opaque-white, 
totally lustreless 
and perforated 
shells 

5. Internal molds with 
remnants of the original 
shell still preserved (pro 
parte) 

Group 3 iv. Internal molds  6. Internal molds  
v. Secondary 
aragonite 
overgrowth:  

7. Internal molds with 
secondary overgrowth  
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by very well preserved and transparent pteropod shells. However, the 
HMDI could not be calculated for all core intervals due to low abun-
dances of H. inflatus in some of the samples. Its values increase down-
core, ranging from 0.5 at the top to 2.2 at the base (Fig. 5C). The 
maximum sand content is recorded at the top of the core, reaching about 
8% of the total sediment. At the bottom of the core pyritized orange and 
black tubes are present, together with pyritized benthic and planktonic 
foraminifera. The δ 13C values are negative and range from − 0.77 to 
− 1.83 ‰ for benthic foraminifera (Fig. 4c, Supplementary Material 2) 
and from − 0.034 to 1.07‰ for G. ruber (Fig. 5C, solid blue line). The 
δ18O of benthic foraminifera range from 0.57 to 2.48‰ (Fig. 5C, Sup-
plementary Material 3) and from − 1.36 to 0.98‰ for G. ruber (Fig. 5C, 
solid blue line). The TOC wt. % values are constant throughout the core 
(0.20–0.51%; Fig. 5C). Carbonate wt. % shows a slight increase from 8 to 
17 cm (27.98–33.23%; Fig. 5C). 

The AMS 14C dating on G. ruber and T. sacculifer provide an age of 
1299 ± 23 BP at 5 cm; 3427 ± 24 BP at 21 cm; and 5296 ± 26 BP at 35 
cm (Fig. 5C, Table 3). 

5. Discussion 

5.1. Radiocarbon age 

The differences in radiocarbon ages between surface dwellers 
planktonic foraminifera and benthic foraminifera can be used to trace 
paleo-circulation patterns in the deep-sea (e.g., Broecker et al. 1988; 
Ohkushi et al., 2017; Missiaen et al., 2020). However, sedimentation 
and paleo/oceanographic processes, and mixing effects may prevent a 
good interpretation of ocean ventilation reconstructions in low sedi-
mentation settings (Missiaen et al., 2020). The three cores from the 
Palmahim Disturbance were dated using benthic foraminifera for Core 
AG16-20-BC1b and planktonic foraminifera for the other two cores 
because the residues did not contain sufficient benthic specimens, 
therefore, a bias in age determination may be expected. However, the 
ages of the top layers of Core AG16-20-BC1b (2–7 cm) dated with 
benthic foraminifera and AG16-23-BC2 (0–5 cm) dated with planktonic 
foraminifera are very close with only a difference of ca. 200 14C yrs 
(Table 3). Additionally, the age of the benthic foraminifera is younger, 
and this point toward a certain variability in the reservoir age in the 
mixed layer. This variability can be explained with the vertical sinking 
and lateral transport of particulate carbon occurring also today in the 
Levantine Basin and reaching water depth exceeding 1500 m (Alkalay 
et al., 2000). Also, the location of the sampling sites close to the coasts 
may have played a role in the carbon reservoir mixing and for such close 
reservoir ages between benthic and planktonic foraminifera. 

5.2. Pteropod dissolution 

Pteropods are good indicators of carbonate dissolution caused by 

ocean acidification during their life in the water column (Bednaršek 
et al., 2012a, Bednaršek et al., 2012b). They are indicators of water 
corrosiveness when their aragonitic shells start to dissolve while sinking 
through the water column (Byrne et al., 1984), getting deposited at the 
sediments water interface (Adelseck and Berger, 1975) and being buried 
in the sediments (Almogi-Labin et al., 1986; Gerhardt et al., 2000; 
Gerhardt and Henrich, 2001; Manno et al., 2007). 

Oakes et al. (2019) demonstrated that shell dissolution is controlled 
by the degradation of the organic matter composing the soft body of 
pteropods, turning the shell from glassy to slightly milky about 3.5 days 
after the death of the organisms. However, long-term dissolution de-
pends on many factors, such as the undersaturation of water, corro-
siveness of the water, shell size, sinking speed, local sedimentation rate, 
bottom current velocity and bacterial activity, microbial degradation of 
the organic matter in the sediments (Archer and Maier-Reimer, 1994; 
Martin and Sayles, 1996; Gerhardt et al., 2000). 

Gerhardt et al. (2000) describes several cases of LDX inapplicability 
due to the absence of Heliconodes tests below 3400 m, which is the 
average North Atlantic Aragonite Compensation Depth (ACD), and at 
shallower depths along continental margins, where higher amount of 
organic matter facilitates the dissolution of the aragonite (Berger, 1978). 

In the northern Red Sea the water column is super-saturated (Ω >
2.5, at 1100 m depth; Krumgalz and Erez, 1984; Almogi-Labin et al., 
1986) and dissolution does not occur in deep waters. Thus, the poor 
preservation of pteropods can be explained by different rates of organic 
matter oxidation (Berger, 1979; Almogi-Labin et al., 1986, Gerhardt 
et al., 2000). 

Almogi-Labin et al. (1986) and Gerhardt et al. (2000) mentioned that 
Limacinidae (Heliconoididae) show species specific dissolution suscep-
tibility. Heliconoides inflatus possesses the thickest shell, composed by a 
central helical layer, and it is the most soluble and fragile compared to 
the thinner shell of Limacina trochiformis (d’Orbigny) or Limacina buli-
moides (d’Orbigny) with a central layer composed of crossed-lamellar 
aragonite (Van Der Spoel, 1972, 1976; Richter, 1976; Bè and Gilmer, 
1977; Bandel et al., 1984; Fig. 6). Preservation may also depend on very 
low supply of organic matter to the sediments and consequently limited 
CO2 production, or high supply of organic matter and reduced ventila-
tion (e.g., Gerhardt et al., 2000). 

The Mediterranean and the Red Sea are defined as “carbonate traps” 
(Berger, 1978). In the Eastern Mediterranean the ACD is reported to be 
at about 3000 m deep (Berger, 1978; Rutten, 2001). The sediments 
investigated here from the Palmahim Disturbance were retrieved at a 
much shallower water depth, ranging from 690 to 1310 m), therefore 
the ACD cannot account for pteropod dissolution. 

In the investigated samples various degrees of dissolution are found 
(Figs. 3-4, 6; Table 2). The best preservation also supported by positive 
values of HMDI between 2 and 3, is observed in In the Gal-C channel 
area where pteropods experienced normal dissolution processes with 
high abundance of transparent, milky and opaque lustrous shells 

Table 3 
Radiocarbon AMS 14C dating on benthic (Bf, C. pachyderma) and planktonic (Pf, G. ruber and T. sacculifer) foraminifera obtained from cores AG16-20-BC1b, AG16-23- 
BC2 and AG16-25-BC1a.  

Core Core depth (cm) Material Sample ID 14C-age (BP) ± 1σ δ13C value (AMS) 
(VPDB ‰) 

Calibrated Interval 
(cal BP) 

AG16-20-BC1b 2–7 Bf-Cibicidoides pachyderma ETH-115056 1430 20  1.1 1171–740 
AG16-20-BC1b 14–15 Bf-Cibicidoides pachyderma ETH-115057 2876 20  1.0 2850–2369 
AG16-20-BC1b 22–25 Bf-Cibicidoides pachyderma ETH-115058 3470 21  2.6 3581–3101 
AG16-23-BC2 0–5 Pf-G.ruber and T.sacculifer ETH-117606 1654 23  2.3 1380–969 
AG16-23-BC2 6–9 Pf-G.ruber and T.sacculifer ETH-117607 2633 24  0.5 2610–2076 
AG16-23-BC2 26–27 Pf-G.ruber and T.sacculifer ETH-117608 3272 24  1.0 3354–2850 
AG16-23-BC2 28–29 Pf-G.ruber and T.sacculifer ETH-117609 3694 24  2.0 3867–3372 
AG16-23-BC2 36–37 Pf-G.ruber and T.sacculifer ETH-117610 4473 25  1.0 4880–4372 
AG16-25-BC1a 4–5 Pf-G.ruber and T.sacculifer ETH-117611 1299 23  2.4 1035–635 
AG16-25-BC1a 20–21 Pf-G.ruber and T.sacculifer ETH-117612 3427 24  3.2 3537–3048 
AG16-25-BC1a 34–35 Pf-G.ruber and T.sacculifer ETH-117613 5296 26  1.7 5865–5396 

ΔR = -152 ± 79 was used for marine reservoir correction in calibrated ages. 
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(preservation stages 0–3, Supplementary Material 2). The HMDI values 
are constant and vary from 2 to 3 (Fig. 5C, Table 2). No significant 
correlation with TOC, sand/clay, carbonate or stable isotope is observed 
in the Gal-C channel area (Fig. 5Cb, 5Ce, 5Cf). The δ18O signature of 
G. ruber values (Fig. 5B) is similar to the signal measured in interglacial 
intervals in the Eastern Mediterranean, which usually oscillates between 
− 1 and 1‰ (e.g., Hennekam, 2015; Mojtahid et al., 2015). 

In the Coral-transition area rare transparent, milky and opaque 
lustrous coexist with lustreless shells (preservation stages 0–3) and 
recrystallized shells are absent (Supplementary Material 2). Neverthless, 
the HMDI could be calculated only for one interval (Fig. 6B, Table 2) 
because shells of H. inflatus >250 µm were missing in most samples from 
14 to 26 cm in the core. This interval corresponds also to higher TOC and 
carbonate values (Fig. 5Ae, 5Af), exceeding 1% and 15%, respectively. 
Beccari et al. (2023) interpreted this enrichment of organic matter as the 
consequence of coastal upwelling, resulting with enhanced biomass at 
the surface and organic matter accumulation at the sea floor. The more 
negative values of the δ18O (Fig. 5Ab) support the hypothesis of cooler 
waters upwelled at the surface. 

A different scenario can be inferred for the Pockmark area, where 
active methane seepage occurs. Yellow internal mold of pteropods are 
present from the base to the top of the core with increased abundance 
from 24 to 36 cm in the sediments corresponding to the AMS14C interval 
4443–3272 yrs, while the other preservation categories vary in abun-
dance (Supplementary Material 2). 

Internal molds of planktonic organisms are frequent in sediments of 
enclosed basins, such as the Mediterranean and the Red Sea (Friedman, 
1965; Milliman et al., 1969) and are generally composed of irregular 
rhombus of HMC. These can be detrital, or in most cases authigenic 
(Milliman et al., 1969). Their formation requires special microenviron-
ments inside the shell (Almogi-Labin et al., 1986, 2008). The extreme 
dissolution may lead to the complete disappearance of the aragonitic 
pteropod shell, with consequent preservation of internal molds (Fig. 3). 
In the Red Sea, Almogi-Labin et al. (1986) measured a content of MgCO3 
up to 10–15% in HMC lithic fragments contained in molds, and similar 
HMC compositions were found by Milliman et al. (1969). They sug-
gested a close relationship between aragonite dissolution and HMC 
precipitation, which may possibly be rapid and contemporaneous with 
shells filling. Schneider et al. (2017) describe benthic foraminifera that 
experienced dissolution and recrystallization with opaque yellowish 
shells from a site close to active methane seeps in the Western Svalbard 
with a SMTZ close to the sea floor. Notably, the co-occurrence of 
yellowish internal molds with authigenic carbonates was also reported 
by Hovland et al. (2005) in deep water off mid-Norway. The yellowish 
color of the internal mold of pteropods occurring in the Pockmark area 
(Figs. 3-4), is similar to that described by Schneider et al. (2017). In the 
Pockmark area the δ18O values are more positive with respect to the 
Coral-transition and Gal-C channel area. Moreover, the δ13C curve 
shows more negative peaks up to − 3 ‰ with respect to the Coral- 
transition and Gal-C channel area. In agreement with (Torres et al., 
2003) these negative carbon isotopic peaks are interpreted as related to 
local methane release. Recently the investigation of Dessandier et al. 
(2020) have demonstrated that also anomalous δ18O values can possibly 
relate to methane emissions, therefore suggesting that the anomalously 
more positive δ18O values identified in the Pockmark region are asso-
ciated with methane seepage. We, therefore, suggest that the yellowish 
molds found in the pockmark area core are associated with methane 
seepage. 

5.3. Nature of seep flux in the Palmahim Disturbance 

In methane-seepage environments, microfossils can act as nucleation 
points for precipitation of methane derived authigenic carbonates 
(Panieri et al., 2016a; Panieri et al., 2016b; Schneider et al., 2017), e.g., 
aragonite (Kastner et al., 1990; Ambrose et al., 2015; Schneider et al., 
2018) and high-Mg calcite (Burton, 1993; Schneider et al., 2018). These 

carbonate phases precipitate within the sediments in the vicinity of a 
SMTZ (Aloisi et al., 2000; Ambrose et al., 2015; Schneider et al., 2018; 
Borrelli et al., 2020). Aragonite is often the dominant component such as 
found in the PD molds, in authigenic carbonates that forms where 
vigorous methane fluxes occur (Peckmann et al., 2001; Luff et al., 2004; 
Ambrose et al., 2015; Fig. 7). 

Another evidence of seep influence on pteropods preservation in the 
Pockmark area is the co-occurrence of their molds with other seep- 
related features (Basso et al., 2020) including small fragments of 
authigenic carbonate crusts, opaque and dark colored planktonic fora-
miniferal shells, orange, red and black tubes and chemosymbiotic 
macrofauna. The latter include e.g., Isorropodon perplexum Sturany, 
1896, Waisiuconcha corsellii Basso, Beccari and Spezzaferri, Idas sp. and 
Taranis moerchi (Malm, 1861) and the low oxygen tolerant benthic 
foraminifera Globobulimina pseudospinescens (Emiliani, 1949) and Chi-
lostomella oolina Schwager, 1878 (Basso et al., 2020). This co-occurrence 
also testifies for variability in the methane flux intensity in this area, 
varying from advective, with high-intensity flux, precipitating aragonite 
minerals, to diffusive, supporting the settlement of the chemosymbiotic 
benthic faunal assemblage (Fig. 7). 

In the Pockmark area, the aragonite composition of pteropod molds 
suggests that their formation may have been induced by advective 
methane emissions (Fig. 7), typically precipitating aragonite and High- 
Mg calcite phases close to the sediment water interface. The lowest 
HMDI coincides with abundant seepage features (Fig. 5B) evidencing the 
link with the methane-emission. It therefore, validates the applicability 
of the HMDI not only in normal marine environments but also in cold 
seeps. The important advantage of using the HMDI is that it considers 
internal molds, which are a significant component in these unique 
environments. 

6. Conclusions 

The preservation state of pteropods shells is important as a proxy to 
understand bottom water chemistry in the sediments after their sinking 
to the seafloor. The previously established LDX is a reliable indicator of 
aragonite dissolution in pristine environments, not subject to high pro-
ductivity, degradation of organic matter and increase of bottom water 
CO2. In this work, we demonstrate that with a minor implementation, 
the index can be useful also in other environments, subject to major 
modifying processes (e.g., methane emission), which are able to form 
and preserve internal molds of H. inflatus. We propose here a new biotic 
index: the Heliconoides Modified Dissolution Index-HMDI. 

The internal molds of H. inflatus observed in this study, are composed 
mainly by aragonite needles and High-Mg calcite grains, phases typi-
cally formed during an advective methane emission. Therefore, low 
values of the HMDI, expressing their presence, could be a reliable tool to 
identify past methane emissions that supplement other sedimentary. The 
HMDI was successfully tested on the Palmahim Disturbance sediments, 
where other seepage-relates features corroborate the interpretation of 
methane emission. Therefore, we suggest that the HMDI can be used to 
assess dissolution related to the aragonite saturation, and to trace 
advective methane emissions. 
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