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A B S T R A C T   

The mineral ikaite (CaCO3⋅6H2O) and its pseudomorphs (glendonite) are considered as important paleoclimate 
indicators in the geological record. Here we examine the youngest known glendonites, their host concretions, and 
bivalve shells fossilized within these host concretions from the White Sea, north-western Russia. We applied 
mineralogical, geochemical and isotopic methods to shed new light on the paleogeographic and geochemical 
environments during ikaite precipitation and ikaite-calcite transformation. We show that White Sea glendonites 
are so far the youngest known glendonites in the world (4.1 ± 0.4 cal thousand years before present). Ikaite 
precipitation occurred during the cold winter months, accompanied by the formation of extensive sea ice and 
presence of decaying organic matter, which resulted in a small negative Ce anomaly and negative δ13C values. 
Increasing temperature led to ikaite dehydration and subsequent cementation with aragonite or amorphous 
calcium carbonate, containing elevated concentrations of Ba and Sr. Needle-like cements within glendonites 
display small negative Ce anomalies and precipitated from pore waters derived from seawater. The high‑mag-
nesium calcite forming the host concretion precipitated in the sulfate-reduction zone from pore waters derived 
from seawater. The geochemistry of these pore waters was modified by interaction with clastic components of the 
host sediments, resulting in δ18O values comparable to those of dissolved inorganic carbon (DIC) and almost flat 
Post Archean Australian Shale (PAAS)-normalized rare earth element patterns. Therefore, we show that glen-
donites can be used as a proxy for near-freezing bottom water temperatures at least seasonally during the cold 
winter months. Changes in the geochemical composition of carbonate phases within the glendonites and host 
concretions can be used to determine successive changes in the geochemical environment during their formation.   

1. Introduction 

Over the past few decades, glendonites (pseudomorphs of the min-
eral ikaite; CaCO3⋅6H2O) have attracted a lot of attention among pa-
leoclimatologists due to their potential application as a paleoclimate 
proxy in the geological past (e.g., Kaplan, 1980; Rogov et al., 2021; 
Schultz, 2009; Vasileva et al., 2019; Vickers et al., 2018, 2020). In 
modern marine environments, ikaite precipitates at temperatures of 

<7 ◦C, with subsequent dehydration and cementation leading to 
replacement by anhydrous minerals, mainly calcite. Ikaite has been 
found in ice (Dieckmann et al., 2008), in marine settings (Domack et al., 
2007; Kodina et al., 2001), in caves (Bazarova et al., 2018, 2016, 2014; 
Bazarova and Kadebskaya, 2019), and in frozen lakes (Last et al., 2013; 
Whiticar and Suess, 1998). However, ikaite has been precipitated at 
temperatures of up to 35 ◦C under controlled laboratory conditions 
(Tollefsen et al., 2020), which has led some researchers to question the 
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formation of ikaite (and subsequently glendonite) as an indicator of cold 
climates in the geological past. Therefore, further studies are required to 
better understand the factors controlling the formation of ikaite. 

Although discoveries of modern ikaites are abundant (see Rogov 
et al., 2021 and references therein) and the modern environment of 
ikaite precipitation is well-known, the origin of ancient glendonites is 
still debated due to the incompleteness of the geological record and 
ambiguous paleoclimatic and paleoenvironmental signatures. Glen-
donites are often associated with glacial dropstones and cold-water 
faunal assemblages (e.g., Price, 1999; Rogov et al., 2017; Vasileva 
et al., 2019), supporting assertions of ikaite formation in similar cold- 
water environments in the geological past to those of the modern. 
However, although low temperatures undoubtedly play an important 
role in the formation of ikaite and its transformation into glendonite, the 
presence of methane seeps in the ikaite formation zone also appears to 
represent an important prerequisite (Morales et al., 2017; Teichert and 
Luppold, 2013). To date, comparatively few glendonite studies have 
been focused on the Holocene (for example, Derkachev et al., 2007; 
Greinert and Derkachev, 2004; Obzhirov et al., 2000), despite the fact 
that climate changes of the Holocene are better known than any other 
interval in the geological past in which glendonites occur. Therefore, a 
detailed study of Holocene glendonites can provide significant new 
constraints on the factors controlling the precipitation of ikaite and its 
subsequent transformation to glendonite. 

One of the first discoveries of Holocene glendonites was made in the 
White Sea near Arkhangel’sk, where they were brought up in fishing 
nets and termed “White Sea hornlets” (Fedotova et al., 1986; Sokolov, 
1825). In 1824, Prof. N. Shcheglov compiled a report on these “hornlets” 
for the St. Petersburg Mineralogical Society and described them as 
calcite pseudomorphs replacing aragonite (Jeremejew, 1882). Using 
crystallographic angles, Prof. P.V. Eremeev mistakenly concluded that 

celestine formed the primary mineral within glendonites (Jeremejew, 
1882). Prof. A.E. Fersman also described White Sea hornlets, along with 
similar specimens from Spitsbergen, Taimyr and Novaya Zemlya (Fers-
man, 1938). A resurgence of interest in glendonites appeared after the 
recognition that glendonites actually represent the pseudomorphs of 
ikaite (Kaplan, 1979; Suess et al., 1982), and numerous subsequent 
studies on the White Sea hornlets were published (Fedotova et al., 1986; 
Geptner et al., 2014, 1994). These studies provide a broad spectrum of 
data on host sediments, microscopic structure, mineralogical and iso-
topic composition, but information on their age constraints and paleo-
environmental significance is limited. We aim to fill this gap in 
knowledge by providing a comprehensive study of the White Sea glen-
donites, with the aim of determining the precise geochemical environ-
ment for their formation and subsequent diagenesis. 

2. Geological setting 

The modern White Sea forms the portion of the Arctic Ocean that is 
landlocked between the Kola and Kanin peninsulas. The studied samples 
were collected from Kandalaksha Bay in the northern part of the White 
Sea (Fig. 1), which is located on the Baltic Shield and underlain by 
crystalline Precambrian rocks (Astafiev et al., 2012). In the Kandalaksha 
Bay area, late Pleistocene glacial deposits unconformably overlie Pre-
cambrian basement, while the overlying Holocene strata were deposited 
in glaciomarine and marine environments (Astafiev et al., 2012). Ho-
locene deposits are represented by light-brown unsorted thinly lami-
nated sands and grey silts, containing occasional pebbles and gravel 
(Geptner et al., 1994). The coast of Kandalaksha Bay comprises a broad 
low-angled tidal plain, characterized by very fine-grained sands, silts 
and muds, with occasional pebbles and boulders. 

Fig. 1. Glendonite sample localities. The yellow arrow in Fig. 1c indicates a glendonite sample (BM-5). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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3. Material and its collection 

Twenty five glendonite samples were collected from the eastern 
coast of Kandalaksha Bay (Fig. 1). Five samples contained bivalve shells, 
while four samples were embedded in substrate of the host concretion. 
Glendonite concretions are found within the pyritized mud. Glendonites 
were collected from three closely spaced localities along the northern 
coast of Kandalaksha Bay, including Olenitsa, Moseevo and Kuzreka. All 
of the samples were handpicked from the sediment surface within the 
littoral zone. 

4. Methods 

Firstly, each sample was cut in half. Half of the sample was used to 
prepare polished thin-sections for detailed cathodoluminescence, 
petrographic (optical and scanning electron microscope), mineralogical 
(energy dispersive spectroscopy) and geochemical (in situ rare earth 
element (REE) and trace element) studies, while the other half was used 
for bulk mineralogical (powder X-ray diffraction), geochemical and 
isotopic studies. 

Petrographic and cathodoluminescence characteristics were studied 
using a polarizing Olympus BX-53 microscope with a CL8200 Mk-5 
Optical cathodoluminescence (CL) system for cold CL, with an acceler-
ating voltage of 6–10 kV and current of 220–250 μA. Micromorphology 
and elemental composition of minerals were studied at the next stage, 
using the same thin sections under a Hitachi S-3400 N scanning electron 
microscope equipped with an Oxford Instruments AzTec Energy X-Max 
20 energy dispersive (EDX) spectrometer. The EDX spectra were ob-
tained using a 20 kV accelerating voltage and 1 nA beam current. Trace 
element analysis of different carbonates found by SEM-EDX was con-
ducted at the laser ablation high-resolution inductively coupled plasma 
mass spectrometry laboratory at the University of Texas, Austin 
(UTChron Laboratory, Department of Geological Sciences). The laser 
ablation (LA) inductively coupled plasma mass spectrometry (ICP-MS) 
system consisted of a PhotonMachines Analyte.G2 ArF excimer 193 nm 
laser, equipped with a two-volume Helex sample cell, coupled to a 
Thermo Element 2 double-focusing magnetic sector ICP-MS. Helium was 
used as the carrier gas and mixed with argon before entering the ICP-MS. 
All analyses were conducted on polished thin sections with a laser beam 
diameter of 50 μm, operated with an energy density of 2.0 J/cm2, 
measured with an energy meter and a pulse rate of 8 Hz. Each analysis 
consisted of 2 cleaning shots, 25 s of baseline data collection, 20 s of 
ablation and 30 s of washout. NIST612 was used as the primary refer-
ence material and GSE-1G basalt glass for quality control. The stoi-
chiometric concentration of calcium in calcite (40.04%) was used for 
internal standardization of elemental concentrations. Data reduction 
utilized the Trace Element_IS data reduction scheme in Iolite (Woodhead 
et al., 2007). Concentrations of REE were normalized to Post-Archean 
Australian Shale (PAAS; Taylor and McLennan, 1985). Anomalies of 
Eu, Ce and Y were quantified using equations given in Bau and Dulski 
(1996), Bau and Alexander (2006) Ponnurangam et al. (2016). 

For bulk mineralogical, geochemical and isotopic analyses, samples 
were extracted using a microdrill. Mineralogical composition was 
studied using a Rigaku Miniflex II diffractometer, with CuKα radiation, 
2◦/min scan speed, and a 2-theta of 5–120◦. Relative phase proportions 
were determined using the Rigaku PDXL v. 2.0 software. Major elements 
(Ca, Mg, Mn and Fe) were studied with ICP atomic emission spectros-
copy (AES) using an Optima 8000 DV (Perkin Elmer). Trace elements 
were determined using a quadrupole ICP-MS NexION 300S (Perkin 
Elmer). Powdered samples weighing 0.1–1.5 g were leached for 30 min 
in 0.01 M HCl, then once the probes were separated from the insoluble 
residue in the centrifuge, they were leached in 2.5 ml of 0.1 N HCl and 
3.5 ml of 1 M HCl. The probes were then evaporated and leached in 3% 
HNO3. Chemical analyses were made on 50 ml of solution. Stable oxygen 
and carbon isotopes were analyzed using the Thermo electron system, 
including a Delta V Advantage Mass Spectrometer with Gas-Bench-II. 

Analytical precision for both δ18О and δ13C was ±0.2‰ (Zaitsev and 
Pokrovsky, 2014). Sr isotope measurements were carried out using a MC 
ICP-MS Neptune Plus equipped with an ASX 110 FR sample introduction 
system, fitted with a PFA micro-flow nebulizer (50 μl/min) connected to 
a quartz spray chamber. The 87Sr/86Sr ratio was normalized by the value 
of 88Sr/86Sr = 8.37861. Normalized values were corrected by bracketing 
every two samples with the SRM-987 standard and correcting to the 
reference SRM-987 standard value of 0.710245 (Jochum et al., 2005). 
Analytical precision for the 87Sr/86Sr measurements was ±0.003%. 

We used the 230Th/U dating method to determine the ages of the 
glendonites. Four sub-samples of the host concretion with glendonite 
were radiochemically analyzed using the “total sample dissolution” 
(TSD) technique (Bischoff and Fitzpatrick, 1991; Maksimov and Kuz-
netsov, 2010). To exclude the influence of contamination with 232Th 
from clastic components, isochrons were plotted (Bischoff and Fitzpa-
trick, 1991; Geyh, 2008; Rowe and Maher, 2000). Radiometric mea-
surements of U and Th isotopes were carried out on an ORTEC’s Alpha 
Suite Alpha Spectrometer at The Laboratory of Geomorphology and 
Paleogeography of Polar Regions and the World Ocean, St. Petersburg 
State University, Russia. Normalization of the analytical isotopic data 
against 232Th allowed us to build linear isochrons using 230Th/232Th – 
234U/232Th and 234U/232Th – 238U/232Th coordinates, as well as calcu-
late the 230Th/234U and 234U/238U activity ratios and age of the car-
bonate fraction, based on methods given in Geyh (2008) and Maksimov 
and Kuznetsov (2010). 

5. Results 

5.1. Glendonite morphology and bivalve shell identification 

We identified four morphological types of glendonite based on our 
optical studies, including rosette (15 samples), bladed (4 samples), 
three-pointed (4 samples) and four-pointed glendonites (2 samples). 

Rosette glendonites are the most abundant of the four glendonite 
morphologies and are often found within concretions and associated 
with large thick-walled bivalve shells (3–5 cm long axis; Figs. 2− 6). Two 
samples (Fr-1 and Fr-4) occurred as overgrowths on granite and ser-
pentinite pebbles, although the glendonites did not pierce the substrate 
and were easily removed from it. In addition, 5 carbonate concretion 
samples with bivalve shells were studied. The bivalves Mya truncata 
(Linnaeus), Macoma calcarea (Gmelin), Hiatella arctica (Linnaeus), Tri-
donta borealis (Schumacher) and Thyasyra gouldi (?) (Philippi) were 
identified in the concretions (Table 1S; Supplementary Material; Fig. 3). 

5.2. Mineralogy and optical studies 

Powder X-ray diffraction (PXRD) analyses reveal that the studied 
samples are mainly composed of calcite (Table S2; Supplementary Ma-
terial; Fig. 4), with quartz and plagioclase as minor constituents. It is 
worth noting that the PXRD patterns provide evidence for two calcite 
generations, which differ significantly in their unit cell parameters. The 
first generation (calcite-1) is characterized by a sharp diffraction 
maximum at ~34.4◦ 2-theta (Fig. 4) and comprises almost pure CaCO3 
based on its unit cell parameters. The second generation (calcite-2) has a 
more diffuse diffraction maximum at ~34.8◦ 2-theta (Fig. 4), which 
could indicate the amalgamation of several diffraction maxima (e.g., 
several calcite generations with different compositions). Smaller unit 
cell parameters indicate that calcite-2 has a higher content of smaller 
cations (e.g., Mg, Fe) compared to Ca. Calcite-1 occurs exclusively 
within glendonites, while calcite-2 can be found within both glendonites 
and the host concretions. Shells are composed of aragonite. 

We distinguished three calcite types based on our optical and SEM 
studies (for detailed petrography of glendonites see Huggett et al., 2005; 
Greinert and Derkachev, 2004). The first calcite type comprises dark 
isometric (rectangular) or elongated tabular crystals, which sometimes 
group to form aggregates. These crystals are light in colour with 2 or 3 
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zones (Fig. 5A) and are non-luminescent (Fig. 5B). The crystals are 
matrix-supported and comprise 15–20% of the glendonite, ranging in 
size between 50 and 400 μm (with an average of 100–200 μm). We 
suggest that this calcite type corresponds to calcite-1 revealed by PXRD. 

The second calcite type comprises micritic calcite which appears 
grey in plane polarized light and constitutes 15–20% of the glendonite, 
forming curvy lines between crystals of the first calcite type (Fig. 5A, C). 
This calcite does not form overgrowths on the first calcite type but likely 

represents the infill of pore space remaining after crystallization of the 
first calcite generation. We suggest that this calcite type corresponds to 
calcite-2 revealed by PXRD. 

The third calcite type comprises yellowish needle-like, botryoidal or 
bladed rims 10–20 μm in width, forming overgrowths on both the first 
and second calcite types. Both the second and third calcite types are 
characterized by a homogeneous dull-red cathodoluminescence or are 
non-luminescent (Fig. 5B). In sample Fr-6, a bivalve shell fossilized in 
the glendonite concretion has been overgrown by bladed calcite crystals 
of the third calcite type with a dull-red cathodoluminescence, while the 
bivalve shell itself displays a laminar green cathodoluminescence 
(Fig. 5A, B). We assume that this calcite type also corresponds to calcite- 
2 revealed by PXRD. 

The host concretions are composed of quartz sandstone with a calcite 
cement (Fig. 5A, B). Quartz grains are typically 50–100 μm in diameter, 
angular in shape, with a blue, green or red cathodoluminescence. The 
calcite cement is micritic and dark brown in plane polarized light, with a 
dark red or no cathodoluminescence. Occasional small (up to 200 μm in 
length) thin shell clasts (non-luminescent) appear in concretions. There 
are equal proportions of quartz/plagioclase grains and calcite cement in 
the concretions, which explains the quartz and plagioclase revealed by 
PXRD. 

5.3. Scanning electron microscopy and microprobe analyses 

Scanning electron microscopy and microprobe analyses reveal that 
glendonites are composed of two calcite generations. The first calcite 
type is low-magnesium (less than 1.0 wt% MgO; Fig. 6) with tabular or 
rosette-like crystals, clearly corresponding to calcite-1 revealed by 

Fig. 2. Morphology of the studied samples. 1–4: rosette glendonites (1 – Ol-5; 2 – Fr-4; 3 – Fr-10; 4 – Fr-8); 5–6: glendonite samples in concretions (5 – Fr-12; 6 – Fr- 
6); 7: three-pointed glendonite (Fr-15), 10), 8 – stellate-like glendonite (Fr-1). Abbreviations: G – glendonite, HC – host concretion, Sh – shell, S – substrate. 

Table 1 
Results of the radiochemical analyses of five sub-samples determined by the TSD 
(total sample dissolution) technique.  

No 238U 234U 230Th 232Th 230Th/234U 234U/238U 

dpm/g* 

798 
g 

12.177 
± 0.265 

14.297 
± 0.305 

0.851 
±

0.040 

0.265 
±

0.021 

0.060 ±
0.003 

1.174 ±
0.017 

798 
h 

7.802 ±
0.155 

9.041 ±
0.176 

0.649 
±

0.034 

0.223 
±

0.019 

0.072 ±
0.004 

1.159 ±
0.018 

Fr-5 6.263 ±
0.136 

7.277 ±
0.154 

0.554 
±

0.022 

0.242 
±

0.014 

0.076 ±
0.003 

1.162 ±
0.021 

Fr-8 2.950 ±
0.079 

3.540 ±
0.091 

0.405 
±

0.018 

0.209 
±

0.013 

0.114 ±
0.006 

1.200 ±
0.033 

Fr- 
14 

3.277 ±
0.094 

3.763 ±
0.104 

0.552 
±

0.029 

0.256 
±

0.019 

0.147 ±
0.009 

1.148 ±
0.033 

Note: * - dpm/g - decay per minute per gram. 
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PXRD. The second calcite type is high-magnesium (3–4 wt% MgO) and 
P-rich (1–2 wt% P2O5), corresponding to calcite-2 revealed by PXRD. 
The second calcite type also cements quartz grains in the concretion. 
Layered silicates and framboidal pyrite (Fig. 6, right) were revealed by 
our SEM-EDX analyses in addition to calcite, quartz and plagioclase. The 
third calcite type revealed by optical microscopy is indistinguishable 
from the second type under SEM. 

5.4. Bulk geochemistry 

ICP-AES and ICP-MS studies reveal that the glendonites are charac-
terized by a low content of insoluble residue (up to 10%; mean value =
4%), low Mg/Ca ratios (up to 0.082; Table 2S; Supplementary Material), 
Sr contents ranging from 1100 to 1800 ppm, Mn/Sr ratios ranging from 
0.013 to 0.134, and Fe/Sr ratios ranging from 0.029 to 0.877. Samples 
display an enrichment in heavy REE, low negative Ce/Ce* anomalies 
(0.8–0.9), low positive Eu anomalies (1.1–1.5), and Y/Ho ratios of 
25–38 (Table 3; Fig. 7). 

5.5. Carbonate generations geochemistry 

LA-ICP-MS results are displayed in Fig. 8 and Table 3S (Supple-
mentary Material). Ikaite-derived calcite, needle-like cement, host 
concretion calcite and bivalve shells all exhibit distinct PAAS- 
normalized REE patterns. Host concretion calcite cements display 
almost flat patterns (Fig. 8; yellow lines), while bivalve shells display 
significant Ce/Ce* anomalies (0.3; Fig. 8; dark red lines), small Gd/Gd* 
(1.3–2.0) and Y (1.4–2.5) anomalies, and Y/Ho ratios between 38 and 68 
(Fig. 9; right). Ikaite-derived calcite and needle-like calcite cement are 
characterized by very similar REE concentrations and normalized pat-
terns (Fig. 8; green and blue lines), with a small negative Ce anomaly 
(0.8–0.9), depletion in light REE (LREE) and heavy REE (HREE), and low 
Y/Ho ratios (23–44). The differences in Ba and Sr concentrations were 
also determined (Fig. 9; left). Ikaite-derived calcite has lower concen-
trations of Ba (0.5–46 ppm) and Sr (330–500 ppm), while the needle-like 
calcite cement has higher Ba (118–270 ppm) and Sr (617–920 ppm) 
concentrations. The highest Ba concentrations are found in the host 
concretion calcite (318–352 ppm), accompanied by Sr concentrations 
between 814 and 840 ppm. The bivalve shells are characterized by low 
Ba concentrations (5–12 ppm) and a wide range of Sr concentrations 
(210–730 ppm) (Fig. 9; right). 

Fig. 3. Photographs of White Sea bivalve shells from the studied concretions: A – Macoma calcarea (Gmelin), B – Mya truncata (Linnaeus), C – Hiatella arctica 
(Linnaeus), D – Mytilis sp. 

Fig. 4. PXRD-spectra of a representative glendonite sample with a double 
calcite peak (Sample Ol-4). 
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5.6. 230Th/U dating 

The results of four leachates of total dissolved glendonite sample are 
presented in Table 1 and Fig. 10. All samples contain some 232Th, 
indicating an influence of clastic material on their chemical and isotopic 
composition. A linear regression was constructed for 4 carbonate sub- 
samples, giving an isochronous age of the carbonate fraction of 4.1 ±
0.4 thousand years. 

5.7. Oxygen, carbon and strontium isotopes 

Stable oxygen and carbon isotope data are presented in Table 4S 
(Supplementary Material) and Fig. 11. δ13C of the glendonite samples 
ranges from − 31.3 to − 15.5‰ V-PDB, while δ18O ranges from − 0.4 to 
− 2.1‰ V-PDB. The bivalve shells yielded δ18O values of − 1.4‰ V-PDB 
and δ13C values of − 1.4‰ V-PDB. Our data sit within the range of 
published data (Geptner et al., 2014) on the stable isotopic composition 
of White Sea glendonites (Fig. 11). 87Sr/86Sr ratios range from 0.709209 
to 0.709299 (Table 3S; Supplementary Material). 

Fig. 5. Optical characteristics of the studied glendonites and concretions. A – sample Fr-6 in plane-polarized light; B – the same in CL. Sh – bivalve shell, C1 – calcite 
of the 1st generation (ikaite-derived calcite), NC – needle-like cement, CC – concretion cement, detrital quartz grains indicated by yellow arrows. C – sample Fr-14 in 
plane-polarized light; D – the same in CL. C1 – calcite of the 1st generation (ikaite-derived calcite), NC – needle-like cement. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. Backscattered electron (BSE) images of sample Fr-6. Cal1 – low-magnesium calcite, Cal2 high-magnesium calcite, Qz - quartz, Py - pyrite, Mca - mica, Por - 
pore space. 
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6. Discussion 

6.1. Age constraints, temperature and water depth of ikaite precipitation 

The Holocene climatic evolution of the White Sea area has been 
studied in detail and is well constrained (e.g., Agafonova et al., 2020; 
Naumov, 2006; Novichkova et al., 2017 among others). Deglaciation of 
the White Sea ended at about 12.8 cal ka BP (calibrated thousand years 
before present) (Hughes et al., 2016; Lavrova, 1960). Since the end of 
the late Pleistocene, cold (stadial) and warm (interstadial) periods have 

been detected in the study region, including the Bølling–Allerød inter-
stadial, Younger Dryas stadial, Preboreal, Boreal, Atlantic, Subboreal 
and Subatlantic stages (Naumov, 2006). The history of the White Sea 
development was elaborated by Koshechkin (1979), and the stages of its 
transgressions and regressions were determined such as Portlandia (Late 
Glacial transgression), Littorina regression, Tapes mid-Holocene trans-
gression, and Trivia and Ostrea regressive stages (Koshechkin, 1979). 
This reconstruction was then developed by Kolka et al. (2013) and many 
other scientists (Subetto et al., 2012; Repkina et al., 2018, etc.). 

The age of the White Sea glendonites was previously determined 
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Fig. 11. δ18О vs. δ13C cross-plot for glendonites and bivalve shells.  
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using the 14C-method as 10,140 ± 150, 9440 ± 186 and 9630 ± 250 
years (Geptner et al., 1994), i.e., 11.25–9.83 cal ka BP. However, the 
typical bivalve assemblage (M. truncata Linnaeus, M. calcarea Gmelin, 
H. arctica Linnaeus, T. borealis Schumacher (?), Thyasyra gouldi (?) 
Philippi; Table 1S) found within glendonite-bearing concretions are 
characterized by thick walls and span the time interval from 6.9–6.3 cal 
ka BP in the White Sea (Zaretskaya et al., 2021, 2020), during the 
warmer climate of the middle Holocene (Atlantic stage). The bivalve 
shells of the Atlantic stage were larger and thicker than modern speci-
mens (Govberg, 1970, 1968; Naumov, 2006; Nevessky et al., 1977), 
inhabiting sublittoral environments at 5–20 m depth in cold seas with 
low salinity (16–30‰) (Naumov, 2006). Strontium isotopic composition 
of the studied glendonites is very close to modern seawater ratio (e.g. 
McArthur et al., 2001), but probably is not useful for precise glendonite 
dating as for the Phanerozoic samples 87Sr/86Sr data does not provide 
accuracy better than ±3 m.y. (El Meknassi et al., 2018). Our 230Th/U 
age data suggest that the glendonite pseudomorphs formed around 4.1 
± 0.4 cal ka BP (Subboreal stage of the Holocene), indicating that the 
glendonites are younger than the bivalves. While the bivalves date from 
the warm Atlantic stage, the age of the glendonites (4.1 ± 0.4 cal ka BP) 
suggests that ikaite precipitation occurred during the Subboreal stage of 
the Holocene. This stage was marked by a cooling event, when the 
surface temperature of the White Sea was about 1–2 ◦C lower than the 
Atlantic stage and about 3–4 ◦C higher than the modern (Novichkova 
et al., 2017). 

The isotopic and geochemical data obtained from bulk glendonites 
are characteristic of almost unaltered marine glendonites. PAAS- 
normalized REE patterns show negative Ce anomalies (0.8–0.9), sug-
gesting a lack of subsequent overprinting by diagenetic fluids in a redox 
environment. Therefore, bulk glendonite calcite preserves a primary 
marine geochemical signal and can be used to calculate crystallization 
temperature estimates using the equation of Kim and O’Neil (1997). As 
it was shown by Greinert and Derkachev (2004) and confirmed by 
Krylov et al. (2015) calcite equilibration formula (Kim and O’Neil, 
1997) can be used for temperature calculations of ikaite and calcite 
pseudomorph. The results of these calculations are presented in Table 4S 
(Supplementary Material). To calculate our seawater temperatures from 
primary glendonite calcite and bivalve shells, we used a seawater δ18O 
value of − 4‰ Vienna Standard Mean Ocean Water (V-SMOW) (Geptner 
et al., 1994). Temperatures calculated from the δ18O values of 

glendonite calcite range from − 3.1 to +5 ◦C (one glendonite sample 
shows temperature as high as +8 ◦C), while temperatures calculated 
from the δ18O values of bivalve shells range from +3 to +11 ◦C. The 
temperatures calculated from isotopic composition of glendonites fits in 
natural environment of ikaite findings in modern settings (Greinert and 
Derkachev, 2004; Zabel and Schulz, 2001 among others). The difference 
in calculated temperatures between the glendonites and bivalve shells is 
likely to indicate precipitation during both different seasons and 
different climatic episodes. As it was shown for modern mollusks, their 
growth rate is limited by temperature-linked metabolic constraints 
across most latitudes (Killam and Clapham, 2018). Thus, the most 
plausible explanation of different isotopic composition is that the 
growth of the bivalve shells in the White Sea occurred in the warm 
summer months during the warmer Atlantic stage, while the precipita-
tion of ikaite occurred during the cold winter months during the cooler 
Subboreal stage (See Figs. 12 and 13.) 

The water depth of the White Sea in the study region around 4–4.5 
cal ka BP has been estimated as 15–20 m (Kolka et al., 2013). In the 
modern White Sea, summer warming penetrates to a water depth of 15 
m (Berger et al., 2003; Fig. 12). Therefore, all of the coastal waters in the 
study area were warmer during the summer months than the maximum 
temperature at which ikaite precipitation occurs, and warmer than 
temperature estimates calculated from δ18O values of the glendonites 
(Fig. 12). 

6.2. Geochemical environment of ikaite precipitation and transformation 

The geochemical environment of ikaite precipitation and trans-
formation to calcite can be estimated using changes in chemical 
composition of the calcite generations determined by our SEM EDX and 
LA-ICP-MS analyses. These data can also be helpful when studying the 
fractionation of major and trace elements. 

The geochemical environment during the warm summer months in 
the shallow water littoral environment (5–20 m) was oxic, which is 
confirmed by the low negative Ce anomaly (0.3) in PAAS-normalized 
REE patterns of the bivalve shells. The aragonitic bivalve shells do not 
incorporate Ba and HREE but do incorporate Sr and Y (Y/Ho ratio ranges 
between 38 and 68), indicating direct precipitation from seawater. 

We propose that ikaite crystallization occurred on the seafloor or in 
highly flooded sediment layer as in some cases ikaite is attached to 
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Fig. 13. Proposed model for ikaite precipitation, transformation and cementation during the Holocene in the White Sea.  
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pebbles (sample Fr-4; Fig. 2-2). Ikaite-derived calcite is depleted in Mg, 
Sr, Ba and P, which is probably determined by the ikaite crystal structure 
(e.g. (Hesse et al., 1983; Tateno and Kyono, 2014). PAAS-normalized 
REE patterns determined by LA-ICP-MS are characterized by a small 
negative Ce anomaly (0.8–0.9) and low superchondritic Y/Ho ratios 
(28–44; e.g., Bau, 1996; Nothdurft et al., 2004). The seawater that is 
characterized with negative Ce anomaly (Tostevin et al., 2016) and δ18O 
values of dissolved inorganic carbon close to 0‰ PDB (Campbell, 2006) 
was probably the source of pore waters for ikaite crystallization, trans-
formation and cementation of the host concretion. Small negative Ce 
anomaly and δ13C values of − 15 - -30‰ V-PDB indicate that carbon was 
derived during decomposition of organic matter (e.g. Campbell, 2006; 
Muramiya et al., 2022) in high alkalinity and high pH environments 
(Himmler et al., 2010; Hu et al., 2014). 

PAAS-normalized REE specters of ikaite-derived calcite display 
comparable patterns to the needle-like cement (in terms of a small 
negative Ce anomaly and comparable Y/Ho ratio), but the amounts of 
Ba, Sr, Mg and P differ significantly. Higher concentrations of Ba and Sr 
could reflect precipitation of aragonite or amorphous calcium carbonate 
(ACC), which can both incorporate Mg, Ba and Sr (e.g., Saito et al., 2020; 
Stanienda, 2016). 

Cementation of concretions occurred during sediment burial. The 
cementing calcite is rich in Mg, P, Ba and Sr, but at the same time dis-
plays almost flat PAAS-normalized REE-patterns, that reflects precipi-
tation in clastic-dominated environment (e.g. Elderfield et al., 1990). 
The geochemical characteristics of the pore waters are determined by 
active ion-exchange with clastic material. Documented silicate’s trans-
formation in the early diagenesis of the modern White Sea sediments 
(Lein and Lisitsyn, 2018) and growing SiO2 concentration in the sedi-
ments column supports the idea of geochemical changes in pore-water 
geochemistry through reactions with clastic material. Furthermore, 
the absence of a Ce anomaly and presence of framboidal pyrite crystals 
indicate cementation in a redox environment within the sulfate reduc-
tion zone. 

7. Summary 

The studied glendonites of the White Sea are composed of 2 to 3 
calcite generations. The first generation of non-luminescent calcite is 
ikaite-derived and depleted in Mg, Sr and Ba. The second generation is 
micritic, P- and Mg-rich, with a dull red cathodoluminescence or is non- 
luminescent. The third generation comprises Mg, Sr and Ba-rich needle- 
like calcite with a dull red cathodoluminescence or is non-luminescent. 
The host concretion comprises sandstone cemented with high- 
magnesium calcite. The incorporation of Ba and Sr into carbonate 
phases is determined by their crystal structure. Ikaite cannot incorporate 
Mg, Ba and Sr, while aragonite and ACC have the capability to incor-
porate large cations (e.g., Sr and Ba). 

Successive changes in δ13C and PAAS-normalized REE specters 
indicate changes in the precipitation environment. Carbonate forming 
the bivalve shells yielded δ13C values characteristic of DIC, a low Ce 
anomaly (0.3), Y/Ho ratios characteristic of seawater, and a depletion in 
HREE. The low Ce anomaly is indicative of precipitation in an oxic 
environment. Ikaite-derived calcite and needle-like cement are charac-
terized by low δ13C (up to − 31.3‰ V-PDB), low negative Ce anomalies 
(0.8–0.9), low Y/Ho ratios (23–44) and high 87Sr/86Sr ratios. These re-
sults indicate that ikaite-derived calcite and needle-like cement crys-
tallized in a high-alkalinity and high pH environment, from pore waters 
derived from seawater interacting with clastic material within the host 
sediments. Transformation of ikaite to calcite was probably driven by 
increasing temperatures. Calcite cementing the concretions is charac-
terized by almost flat PAAS-normalized REE patterns and low (super-
chondritic) Y/Ho ratios (25–29), indicating that geochemistry of the 
calcite was determined by active ion-exchange between clastic sedi-
ments and pore waters in the sulfate-reduction zone. 

The 230Th/U age of the studied glendonites (4.1 ± 0.4 cal ka BP) 

indicates formation during the Subboreal Holocene Period. Estimated 
temperatures during glendonite formation range from − 3.1 to +8 ◦C, 
suggesting that ikaite precipitation occurred during the cold winter 
months in the Subboreal Period when temperatures dropped below 
~8 ◦C. Therefore, our data show that the formation of ikaite (and its 
pseudomorph glendonite) can be used as a proxy for low temperatures at 
least during the cold winter season. 
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