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Abstract: Petrography of recrystallised ikaite from Ocean Drilling Program material has been pre-
sented previously from Nankai Trough and Congo (ex-Zaire) deep-sea fan. This paper expands on 
the Nankai Trough ikaite observations, drawing on evidence from Laptev Sea, South Georgia, 
Okhotsk Sea, and coastal lagoon Point Barrow. However, even though many ikaite and glendonite 
sites occur at high latitudes, it cannot be that ikaite forms exclusively in polar environments, as 
demonstrated by the occurrences in the low latitude low temperature deep sea sediments offshore 
Gulf of Guinea (Angola Congo) and mid-latitude deep-sea trenches offshore Japan. Recrystallised 
ikaite occurs as mm large, zoned calcite crystals in all samples, along with secondary phases of cal-
cite. Our data set is unique in that the origin, storage, and recrystallisation process of natural formed 
ikaite is recorded in detail and confirms that glendonite petrographic characteristics are a conse-
quence of the structure and chemistry of recrystallising ikaite and not the physical or geochemical 
environment. The transformation of man-made ikaite to calcite as recorded in laboratory studies, is 
a process very similar to the one we have observed for natural ikaite. Most significant is that there 
is variation in the order of the calcite types within a single sample, leading to the conclusion that the 
variation is a consequence of impurities and geochemical variability in the ikaite, not the external 
environment. Morphological observations reveal similarities in ikaite and glendonite, this and the 
similarity in internal textures in glendonite and recrystallised ikaite confirms that glendonite may 
be used as an indicator of past presence of ikaite.  
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1. Introduction 
This paper is dedicated to the marine geological institutes GEOMAR Helmholtz-

Zentrum für Ozeanforschung, Kiel and MARUM—Zentrum für Marine Umweltwissen-
schaften der Universität Bremen in recognition of the profound importance their sampling 
and research has meant for this topic. Without samples shown in Figure 1 (Table 1), do-
nated to our research this paper could never have been accomplished tying, the oddly 
formed pseudomorphs first named as pseudogaylussite and later known by other names 
now mostly referred to as glendonite. These pseudomorphs are usually formed of calcite, 
less often of opal or quartz. Since 1826 researchers have been baffled as to the nature of 
the pseudomorphs’ parent mineral [1]. Historical and morphological aspects of glendonite 
have been described previously by the author and many other colleagues [1,2]. Details to 
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petrology evaluated repeatedly in the years 1836 to present [3–7]. Crystallography pre-
senting a similar line of evaluations from the crystals were known to science, ranging from 
1836 to present [8–12]. The link between glendonite and ikaite (CaCO3·6H2O) first emerged 
when collected ikaite was found to recrystallise to a slush of calcite presented in 1982 to 
present [13–15]. However, the lack of stability of ikaite removed from where it formed to 
somewhere where it could be analysed, made further research a challenge. Most ikaite 
occurs at high latitudes, and most glendonites occur in sediments interpreted as having 
been deposited in low temperature environments [2,16]. 

In marine settings the mineral ikaite occurs in organic rich anoxic sediments where 
alkalinity is high and calcite precipitation inhibited. Ikaite forms yellow-orange mono-
clinic crystals with distinct prismatic faces, but due to the metastability the ikaite rapidly 
recrystallises, even when kept in a freezer. X-ray diffractometry of frozen crystals has con-
firmed that they are ikaite as shown in 1983 [17] and 2022 [18] but the metastability has so 
far precluded optical goniometric examination. Glendonite typically has more than one 
generation of calcite with distinct textures. The first to precipitate is prismatic zoned crys-
tals <1mm long, which directly replace ikaite (type 1 calcite). These crystals typically have 
rounded overgrowths. Secondly, spherulitic calcite (type 2 calcite) may precipitate on the 
prisms, and finally calcite spar (type 3 calcite) partially or fully cements any remaining 
voids [19,20], both describing the most common petrographic fabric of type 1 and type 3 
calcite as guttulatic. Rarely pseudomorphs are formed of quartz, or opal rather than cal-
cite.  

Since Erwin Suess retrieved an euhedral ikaite crystal from Bransfield Strait in 1982, 
there has been a growing acceptance that glendonite is a pseudomorph after the metasta-
ble ikaite. The similarity of the macroscopic morphology of ikaite to that of glendonite and 
the guttulatic microstructure of recrystallised marine ikaite also found in glendonite is 
convincing petrographic evidence that ikaite is the precursor to glendonite [7,19,21]. 

Sea of Okhotsk material consists of both glendonites and ikaite retrieved and pub-
lished in 2004 [7]; see their Figure 2, F1, F2 and G. The material holds a special interest as 
sample G, the ikaite, later recrystallised in the GEOMAR facility and was provided for this 
study by Professor Jens Greinert of GEOMAR. In addition, included in this study are GE-
OMAR samples retrieved from the Laptev Sea in 1987 by Dr. Heidemarie Kassens [22] 
from 1995. These ikaite samples remained stable when kept at -18°C in the GEOMAR fa-
cility. The Nankai Trough samples were retrieved in 2012 by Martin Kölling and were 
stored at MARUM at −18 °C. Yet, when examined in 2020 they had nearly fully recrystal-
lised. This difference between the Laptev and Nankai samples is believed to be a conse-
quence of the time spent logging and describing them, plus the rate of heating and pres-
ence of impurities by [18] in 2022. Hence, the cold storage may only have slowed down 
rather than prevented the process of recrystallisation.  

The South Georgia sample was retrieved in 2017 by Gerhard Bohrmann from the 
Anakaov Trough and has undergone slow recrystallisation from within, as with the Lap-
tev sample.  

The pseudomorphs resulting from these observed recrystallisation processes, plus 
those recorded in 1987 for Point Barrow all have textures strikingly similar to those earlier 
described [19,23,24]. 
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Figure 1. Ikaite sites and samples. Figure after [18]. Photo of Point Barrow was taken by G.L. Ken-
nedy [2]. Illustration Okhotsk Sea is shown with permission from Marine Geology [7]. Where no 
other indication is listed in this article all images are taken by the author. 

Table 1. Listing of the initial cruise reports or the published articles containing extensive data on 
settings and geochemistry. Some data for samples from Okhotsk Sea and Isatkoak have been previ-
ously published. Samples from South Georgia, Nankai Trough and Laptev Sea have previously only 
been shown as images in cruise reports. 

Ikaite Location Lat/Long 
Water 

Depth (m) 
Depth below S-
W Interface (m) 

Site Tag Sample Tag Reference 

Utqiaġvik 
Alaska 

Isatkoak Lagoon 
71°23′20″ N 

156°28′45″ W 
3 Shallow     [23] 

Sea of 
Okhotsk 

Offshore Sakahlin 05°59.6′ S, 09°56.6′ E 380 2 Site lv27-3-3 n-Sakhalin 5  [7] 

South Geor-
gia 

Anakaov Trough 
W 

54°23.2′ S, 37°30.8′ W 359 5.7 Cruise M134 S Georgia 
GeoB-Number: 

22049-3 
[25] 

Nankai 
Trough 

Japan Trench 31°50′ N, 133°51′ E 6900 4.3 Core GeoB16423-1 GeoB 16427-1-460 [26] 

Laptev Sea Siberia 78°04.5′ N, 133°35.9′ E 204 2.32 to 2.38 
ARCTIC’93 exped., Core 

PS2460-4 
IKAITE PM 9499-2 [22] 

2. Methods 
2.1. Scanning Electron Microscopy 

A Tescan Mira3 High Resolution Schottky Field Emission (FEG-SEM) fitted with both 
standard and in-lens secondary electron, as well as back-scattered electron detectors at 
Lund University was used to observe ikaite transformation in order to further constrain 
the nature of the transformation. Uncoated samples of ikaite, taken from the freezer, were 
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mounted on stubs at ambient temperature (c. 21 °C) and were run in the SEM under low 
vacuum mode at a pressure of 60 Pa, with no additional temperature regulation. The ac-
celeration voltage was set to 15 kV and the working distance varied between 5 and 15 mm. 

2.2. Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) 
Minor element analyses were undertaken on powdered, bulk-dried, transformed 

ikaite, now calcite, in Table 2 using an Agilent 5110 VDV ICP-OES at the Camborne School 
of Mines, University of Exeter, following the method detailed [27]. The minor element 
data are expressed as ratios to Ca and calibrated using certified single-element standards 
mixed to match the chemical composition of the analysed samples. Precision and accuracy 
of the analyses were measured and controlled by interspersing multiple measurements of 
international reference materials, JLs-1 and AK, and quality control solution (BCQ2). 

2.3. Introduction to Petrography Approaches 
Macro- and microscopic textures of ikaite and ikaite undergoing recrystallisation that 

illustrate the transformation to pseudomorphs are shown in Figure 2. Due to the notorious 
instability of ikaite when removed from the environment in which they precipitated, it 
has been hard to document the transformation process in detail. Figure 2 shows rapidly 
captured images, pre-recrystallisation of distinct ikaite crystal faces and overall morphol-
ogy (Figure 2a), also seen in glendonite (Figure 2b). Crystal faces are as described in early 
papers, e.g., [9], though we now contribute the first systematic approach to the correlation 
between single ikaite crystals and general glendonite morphologies and petrography.  

 
Figure 2. Macroscopic and petrographic results. (a) South Georgia ikaite (same sample as in Figure 
1); (b1) Danish glendonite with similar morphology to the South Georgia ikaite [28]. (c) Detail from 
the Laptev sample shown in Figure 1, showing that (c1) are minute incomplete crystals; (c2) shows 
the inner rosette structure of (c1). (c3). show enlarged detail of minute reflection interpreted af pseu-
dopyramids, marked as (P) as in (d2). (d1–d3) Rosette glendonite nodules from a Cretaceous Rus-
sian Taymyr sample. Image in box shows detail of pseudo pyramids (P) in (d2). Sample (d3) is a 
fully cemented Permian glendonite from New South Wale in Australia, site Wallaby canyon. (e1–e4) 
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Inner structures and impurities from Barrow samples (same samples as Figure 1). (e2) Linear distri-
bution of primary calcite at the onset of recrystallisation, Nankai ikaite (photo by Volker Diekamp 
GeoB16423_1_VD22238); (e2) has brittle cracks, not seen in Nankai (e3) and South Georgia (e4) 
where the structures appear to be related to inner structure of the ikaite crystal. (f) shows rarely 
observed petrographic features that are strikingly similar in glendonite and ikaite. (f1) Glendonite 
from Fur formation where the tip has a weathered surface, exposing the inner structure also show 
in ikaite in (f2). Sample (e3) South Georgia ikaite showing possible cleavage planes. (f3) The col-
oured dots indicate sampling places from (e3,f1). Whereby showing individual primary calcite 
grains from Danish glendonite and recrystallised Nankai ikaite are very similar in shape and size, 
though the Danish pseudomorph is much larger in overall size than Nankai. 

3. Results 
3.1. Macroscopic Morphology and Petrography 

The distinctive internal texture of glendonite, with chemically zoned mm-sized cal-
cite crystals in microcrystalline matrix by [19,24,29], is also present in recrystallised ikaite 
[20]. The texture is characterised by pseudo-hexagonal or spherical low-Mg cores, with an 
ellipsoidal overgrowth, and secondary high-Mg sparry or micritic cement. In some in-
stances, a spherulitic form of calcite has precipitated prior to the micrite. Eva Scheller 
named this texture “guttulatic”, after the Greek work for little drop and shows many ex-
amples in [20,30]. The process shown in Figure 3 and petrological details in Figure 4.  
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Figure 3. All samples have recrystallised in air at normal pressure with nothing present other than 
the original components of the ikaite, as ikaite transformed to calcite [18]. (a1) Sea of Okhotsk ikaite 
(reproduced from Figure 2 in [7]), (a2) Same sample recrystallised when the Geomar freezer broke 
down. (a3) Sample disintegrating to form a porous calcite matrix under a thin crust. (a4) Sample 
after further disintegration, exposing guttulatic grains in calcite mush. (a5) Plane polarised light thin 
section image. (b1) South Georgia sample image take just before being imaged in a SEM [25]. (b2) 
Bottom view of same sample shows that inner recrystallisation has started [18]. (b3) SEM image of 
transforming ikaite. (b4) samples recrystallised after being in an SEM for 1 h. (b5) Plane polarised 
light thin section image. (c1) Nankai Trough ikaite crystal, photo (by V. Diekamp, 
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GeoB16425_1_VD22270) [26]. (c2) Nankai ikaite recrystallizing [18]. (c3). Sample (c1) after 6 years at 
minus 18 is recrystallised. A process that probably began during sample retrieval and has continued 
slowly due to the low temperature. (c4) Same sample, fully recrystallised. (c5) thin section image of 
Nankai recrystallised ikaite. (d1) Laptev Sea ikaite, comprising mm-sized bright yellow/orange 
semi-transparent ikaite from Laptev [22]. (d2) Inner structure. (d3) Inner structure fragments after 
2 h at room temperature, recrystallised into an off-white mush of calcite [18]. (d4) same sample, 
disintegrated into micritic calcite crystals, [31], (d5) thin section image of Laptev recrystallised ikaite. 
(e1) Point Barrow Isatkoak Lagoon crystals verified to be ikaite [23,24], (e2) Partial recrystallisation 
seen as whitish impurities [2]. (e3) Shows natural recrystallisation occurring in frozen dry storage 
over a duration of 40 years. (e4) Fully recrystallised to calcite in [24]. (e5) Plane polarised light thin 
section image (Isatkoak photographed by G. Kennedy). Thin sections imaged in (b5,c5,d5) are 
shown in greater detail in Figure 4. 

 
Figure 4. Optical microscopy of samples from South Georgia, Laptev Sea and Nankai Trough. Im-
ages are of the same samples shown in Figure 3. All samples recrystallised in storage, excluded from 
a “normal” environment, hence variations are due only to the nature of the ikaite. Plane polarised 
optical microscope images of samples in Figures 1 and 2. Guttulatic structure is clearly visible in all 
images, though with morphological variations which may indicate variations in the recrystallisation 
process. (a) South Georgia sample showing guttulatic microstructure. (b) Laptev Sea matrix and 
rim. (c) Laptev Sea sample, small crystal with two growth stages, both guttulatic. (d1) Nankai 
Trough samples 602 and Nankai 94 (this paper Figure 3(c1)) matrix samples are loose grains sam-
pled from crumbling matrix. (d2) guttulatic morphology in primary core and overgrowth by non-
guttulatic cement. (d3) Guttulatic grains and rim cement. (d4). Variation in guttulatic intensity and 
botryoidal calcite that has overgrown guttulatic grain. (d5,d6) Images taken under polarised light, 
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showing two examples of a grain with non-guttulatic calcite at the core, overgrown by guttulatic 
calcite, followed by botryoidal calcite. 

3.2. Geochemical Variations between the Petrographic Types  
Geochemical analyses of the host sediments and ikaite/glendonite have been previ-

ously obtained (e.g., [6,7,18–21,24,29–33]). Here we provide greater detail of the process 
recognized whereby ikaite rapidly recrystallises into distinct calcite types without addi-
tion of porewater (CaCO3·6H2O → CaCO3 + 6H2O) [7,18,20,25,26], See Table 2. 

3.3. Crystal Morphology and Structure  
As yet, it has not been possible to determine the true symmetry of ikaite (monoclinic 

m2 class?) due to its instability in laboratory conditions. In monoclinic m2 class the pri-
mary cleavage defines the Miller 010. To date we have only succeeded in measuring ikaite 
from one South Georgia sample and four Point Barrow samples. This data shows that 
there is a cleavage plane perpendicular to the elongation of the crystal, and in the South 
Georgia sample there is what appears to be a cleavage at a 45° angle to the elongation. The 
monoclinic affinities are observable in ikaite and glendonite. The affinity being that in 
samples such as those shown in Figure 2(e1,f1), the tips bend off in opposite directions, so 
that a bladed crystal in its elongated growth direction will present a set of concave and 
convex edges ordered diametrically opposite.  

3.4. Calcite Phases Shown in Figure 4 Summarised 
All the recrystallised ikaite samples have guttulatic textures, similar to the type 1 ce-

ment [19]. This can be subdivided by variations in type 1(I) and 1(II) calcite as discussed 
by others in [18,32]. Late-stage sparry calcite is identified as type 3 in [19] and type III in 
[28], respectively. Guttulatic calcite is sometimes overgrown by Type 2 botryoidal calcite 
[24,28], though this mode of growth is not always present, e.g., Figure 4 suggested that 
impurities may be responsible for the type 2 growth form, as noted previously [18].  

3.5. Geochemical Distribution in the Petrographic Types 
The geochemistry of both host sediment and ikaite have been previously described 

by [7,25,26]. To this we add new chemical data (Table 2) demonstrating that even when 
CaCO3 is 100 %, there are minor and trace elements present. Even in a closed system, i.e., 
no porewater present, it is these elements that control the rate and temperature of ikaite 
decomposition (CaCO3·6H2O → CaCO3) [18].  

Table 2. Single grains representing the sequence of ikaite recrystallisation events that have been 
analysed using optical emission spectrometry. The samples are the same as in Figures 1–3 [22,25,26], 
with the addition that Sea of Okhotsk samples [7] from the same site as those analysed for this paper 
are included for comparison. The results illustrate the difference in element ratios between calcite 
formed only from ikaite recrystallising (light blue) to calcite derived from ikaite recrystallising in 
water saturated sediment. Element ratios from individual calcite types are compared with fully ce-
mented, and diagenetically altered samples (grey). Highlighted in light green is data for Nankai 
host sediment, a muddy marine turbidite, included to demonstrate likely porewater influence on 
the geochemistry of glendonite.  

Sample 
CaCO3 Mg/Ca Sr/Ca Na/Ca Mn/Ca Fe/Ca S/Ca P/Ca Al/Ca Rb/Ca 

wt% mmol/
mol 

mmol/
mol 

mmol/
mol 

mmol/
mol 

mmol/
mol 

mmol/
mol 

mmol/
mol 

mmol/
mol 

mmol/
mol 

Sample in Figure 3(a4)—Sea of Okhotsk type 1, large 
orange calcite 

100.00 17.89 1.12 7.61 0.00 0.05 0.33 0.60 0.10 LOD 

Sample in Figure 3(a4)—Sea of Okhotsk type 2, yel-
low calcite 

100.00 6.02 1.00 3.07 0.00 0.05 0.25 0.11 0.29 LOD 

Sample in Figure 3(a4)—Sea of Okhotsk matrix, fin-
grained white calcite powder 

93.14 2.99 1.04 6.91 0.00 0.01 0.23 0.17 0.15 LOD 
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Sea of Okhotsk [7], their Figure 2C tracefossil burrow 
concretion 

51.79 112.39 1.81 23.17 0.62 29.45 17.57 4.48 56.02 LOD 

Sea of Okhotsk [7],their Figure 2C tracefossil burrow 
calcite martix 

85.86 68.82 1.82 6.57 0.27 5.29 8.48 4.45 2.72 LOD 

Sea of Okhotsk [7], their Figure 2F glendonite concre-
tion 

65.65 69.83 1.42 23.90 5.79 41.44 3.73 12.61 44.92 LOD 

Sea of Okhotsk [7], their Figure 2F glendonite calcite 
matrix 

100.00 99.40 1.71 6.52 0.09 0.37 1.04 5.87 0.57 LOD 

Sample in Figure 3(b4)—South Georgia bulk calcite  93.06 0.46 1.22 1.11 0.01 0.06 1.56 0.26 0.17 LOD 
Sample in Figure 3(c4)—Nankai Trough, sediment 

fragments as reference 
49.74 60.21 0.76 119.49 0.33 27.06 30.21 0.47 32.63 0.11 

Sample in Figure 3(c4)—Nankai Trough type 1, large 
orange calcite grains 

100.00 25.36 0.84 11.20 0.01 0.12 11.96 0.31 0.39 LOD 

Sample in Figure 3(c4)—Nankai Trough type 2, yel-
low calcite grains 

91.84 4.10 1.28 23.26 0.01 0.31 6.99 0.11 0.73 LOD 

Sample in Figure 3(d4)—Nankai Trough type3, fine 
grained calcite 

91.60 1.44 1.40 25.03 0.01 0.21 7.69 0.05 0.51 LOD 

Sample in Figure 3(d4)—Laptev Sea bulk calcite 91.10 2.37 0.60 4.47 0.08 1.15 0.79 0.36 1.31 LOD 

LOD = Limit of Detection. 

4. Discussion 
4.1. Recrystalised Ikaite Calcite Types 

We show that the Okhotsk Sea ikaite sample (their Figure 2G, our Figure 3(a2–a5)) 
recrystallised in a contaminant-free environment has distinctly different chemistry to the 
ikaite analysed [7] samples in Figure 2C,F. We show that the matrix is much closer to the 
element ratios of the crust than to those of uncontaminated ikaite. Figure 7 on page 141 
[7] provides an excellent overview of the chemical changes occurring during diagenesis 
from nucleation of ikaite to recrystallisation. 

Nankai and Laptev contaminant free ikaite recrystallised to calcite with a similar 
chemistry to the contaminant free Okhotsk Sea sample, which is consistent with the chem-
istry being controlled by the process not the environment. Mg and trace element concen-
trations vary between the calcite cement types, but not in a consistent way between sam-
ples (Table 2) [24,31,32]. 

Lately Whiticar demonstrated that Bransfield ikaite [33] might be confined to a spe-
cific geochemical zone that is the interval of hydrogenotrophic methanogenesis between 
the sulphate reduction zone and the deeper zone of methanogenesis. Whiticar in their 
Figure 7, in [33] show isotopic variation of O18 and C13 from the inner core to the outer rim 
of an ikaite, implying chemical and isotopic shifts during recrystallisation. The Bransfield 
ikaite has an isotopic composition that changes from the centre towards the rim, implying 
that the rim cement defines the shape of the ikaite and must have formed prior to whole-
sale dissolution of the ikaite, for the mesh of calcite grains contained within the structure, 
and later calcite spar to have cemented the structure without any infilling by sediment. 
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4.2. Petrographic Comparison of Ikaite and Fur Formation Glendonite 
It is currently unclear whether glendonite pseudomorphs form through ikaite re-

crystallisation alone, or if there are interactions between ikaite and the sediment pore wa-
ters. All samples discussed here were recrystallised in controlled settings where the water 
lost during ikaite decomposition was retained as the only porewater present. 

Information from Fur Formation glendonites, especially petrographic data [19], was 
selected for detailed comparisons with the artificially recrystallised ikaite. In Fur For-
mation ikaite, recrystallisation and subsequently secondary carbonate infill occurred at 
pH 5.5 to 8 [34–36]. The bottom water temperature has been estimated to >5 °C based on 
delta 47 presented in [37], while the diagenetic temperature was no higher than 38 °C in 
[38,39]. Estimated water depth is 200–400 m (equal to 0.2 to 0.4 kilobar), based on trace 
fossils (ichnofacies), including bathyal zone Zoophycos in the Holmehus Clay and sublit-
toral Teichichnus in younger Fur Formation sediments representing a basin change pre-
sented [40,41]. Sea surface temperature (SST) obtained by Tex 86 to be 10 °C higher during 
the PETM onset reaching up to ∼33 °C. [42], flowed by a slow decent to post-PETM SST of 
11–23 °C). Other advantages of using the Fur Formation for comparison are the excellent 
preservation [39,43–46], and well-defined time frame [36,41]. Many other pseudomorph 
sites exist [19,20] but none with the pristine preservation of Fur formation pseudomorphs.  

Fur Formation glendonites occur super-size, in up to 1.5 m wide clusters, in marine 
diatomite with interbedded tephra layers [28]. The size of the calcite crystals varies little 
and is unaffected by the overall size of the pseudomorph [19,30]. Crystals ~1 mm have 
been extracted from cm size recrystallised Nankai ikaite (Figure 2(f3)) and compared to 
grains retrieved from 1 m sized Fur Formation weathered glendonite (Figure 2f). Both 
have a guttulatic structure. Similar grains have been observed by the first author for glen-
donite from Olenitsa, on the White Sea and in Sea of Okhotsk in this paper. Each and every 
petrographic detail that can be observed in Fur Formation glendonite (Figure 5) correlates 
with textures seen in recrystallised ikaite (Figure 5).  

Several ikaite break down models have been presented in [20,29,47] and demon-
strated that Amorphous Calcium Carbonate (ACC) played an important role during the 
ikaite to calcite transition, and it is suggested that carbonate and calcium ions change ori-
entation during loss of structural water [48]. Both these mechanisms are consistent with 
the observation illustrated in Figure 2a,(e3) of a possible structural element rarely ob-
served in the glendonite (Figure 2f) forming along inner structures preserved in the pseu-
domorph. Given that the sample in Figure 2a from South Georgia was retrieved from 359 
m depth and that in Figure 2(e1) is from 6900 m depth in the Nankai Trough suggests that 
the shown recrystallised is inherited from the inner structure of ikaite, an observation not 
previously made of euhedral marine ikaite. The recrystallisation is faster in the Nankai 
samples due to the significant pressure change, and possibly due to impurities making 
the ikaite recrystallise more rapidly.  

In addition, striking is that the primary calcite crystals have a constant size, regard-
less of ikaite or pseudomorph size, as shown in Figure 2(f3), and in other publications 
[1,19,20,24]. Such a widespread observation implies that the controlling factor in crystal 
size is micro- (geochemical or microstructural) rather than macro-environmental. The con-
currence of petrological details between Danish glendonite and the recrystallised ikaite is 
consistent with ikaite recrystallisation to glendonite (Figure 5).  
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Figure 5. Guttulatic calcite grains (type 1) precipitate first; these are overgrown by type 1 II dendritic 
calcite [25,26,28]. The dendritic structure is a consequence of variation in the Mg concentration [49]. 
The botryoidal calcite phase (type 2) has overgrown types 1 and 1 II. This textural pattern only oc-
curs as a result of ikaite recrystallisation, an observation not previously demonstrated. Individual 
crystals are frequently the same size, i.e., a few mm, despite the size of the pseudomorph. The SEM 
image is taken by Carl Alwmark of recrystallised ikaite type 1, and is the same grain as shown in a 
2022 detailed description of this sample recrystallising [18]. 

4.3. Morphology and Cleavage  
The morphology of typical glendonite has been known and described for a long time 

since 1884 [1,2,9,10,12], with excellent illustrations, where all the morphological details 
can be observed. If glendonite morphology had adhered to a standard monoclinic sym-
metry such as that of gaylussite or lenticular gypsum the early researchers would have 
been able to correctly identify the symmetry class. Ito attempted to identify the Miller axes 
for samples from Shiowakka Springs [6], yet the presented illustrations do not enable us 
to draw any conclusions concerning these axes for the South Georgia and Barrow samples 
because they are very different in shape. However, morphological similarities between 
ikaite and glendonites (Figure 2a,b), including the crystal curvature, are observed. It has 
been demonstrated that what at first appears to be a mirror plane along the crystal elon-
gation [46], is in fact distorted, as the tips are twisted and the pinacoid prismatic faces are 
not in perfect symmetry. This observation is also applicable to the South Georgia sample. 

The structure is more complex than normal monoclinic M2 class, as it represents an 
order of twining. The appearance and crystal faces do not concur with swallowtail twins 
of monoclinic M2 class selenite, or selenite cleavage. Based on Figure 2, morphological 
observations (Figure 2a,b) and possible cleavage/inner structure (Figure 2e,f), we can only 
suggest a symmetry of the “albite twinning law”, with a multiple repetition of parallel 
polysynthetic twins. As with monoclinic feldspars, glendonite shows repetitions of pris-
matic faces. Yet, the glendonite also has curved crystals, often referred to as monoclinic 
affinity—that suggests a more complex explanation than just Albite twining. Even though 
the morphology has been scrutinised by many gifted crystallographers [1] and the parent 
mineral being ikaite is well documented, this 200-year-old enigma of the true symmetry 
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of marine euhedral ikaite is still debated. We hope that showing the new details of internal 
structure and external morphology may inspire new theories. 

4.4. Similarities between Glendonite and Ikaite Morphology  
Measurement of glendonite from 46 sites indicates that all have a convex and concave 

side, where the concave side has a “staircase” of prismatic faces that appear to be pinacoid, 
and the convers faces display pseudo pyramidal structures in [46]. The pyramids slightly 
converge in rounded fan-like structures. Though our observation of ikaite only relates to 
a South Georgia sample and images from Nankai taken by Volker Diekamp (MARUM), it 
is evident that every single key feature suggested to define glendonite structure is present 
in the ikaite. The tip not being a point but a prismatic structure, is similar for both ikaite 
and glendonite. The most significant morphological observation is that surface structures 
observed on glendonite have been observed in exactly the same location and have the 
same appearance on the South Georgia ikaite. This is entirely consistent with glendonite 
being a replacement of ikaite and not some other form of sedimentary calcite, such as Cone 
in Cone. 

5. Conclusions 
Marine sediment-formed euhedral ikaite is now unequivocally identified as the par-

ent mineral to glendonite, in modern as well ancient marine glendonite-bearing settings. 
Guttulatic microstructure as a key identifier of recrystallised ikaite, is also present in glen-
donite. The mineral ikaite occurs in a very broad range of environments [1], whereas glen-
donite is restricted to sediment with a geochemical environment consistent with ikaite 
precipitation [35]. Other than when encountered in deep-sea landslides, glendonite can be 
considered a proxy for polar environments or short-lived cold intervals as demonstrated 
for the Fur Formation [32]. The symmetry of glendonite is not fully resolved, but the pet-
rographic textures universally observed allow confident identification of these pseudo-
morphs (Figure 5). Demonstrated is the wide range of glendonite morphologies and the 
structures and petrology that they all have in common, and that we now are able to attrib-
ute that to ikaite as well [1,28]. Variations in morphology and textures may be linked to 
variation in Mg and organic impurities, rather than variations in the geochemical setting. 
Unequivocally linking glendonite to ikaite provides an improved opportunity to connect 
a larger range of glendonite morphologies to ikaite nucleation. 
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