
Response to CC1, Niels de Winter 

We thank Niels de Winter for his thoughtful community comment, and are happy to address every 
point raised. We believe that the changes we will make in response make the manuscript a much 
more thorough and considered discussion on the conditions that may have driven glendonite 
formation throughout the Paleocene-Eocene-aged sediments from the mid-Norwegian margin (Exp. 
396). 

General comments 

The major issues CC1 raised were that ‘the observations and data the authors put forward do not 
conclusively support the hypothesis that the Eocene hothouse was punctuated by geologically brief 
“cold snaps”.’ And proposed that ‘the lack of precise timing of the formation of the glendonites 
leaves room for other explanations, such as the hypothesis that the fast-growing glendonites form 
out of isotopic equilibrium (and may record lower temperatures than their growing temperatures) or 
that they grow seasonally (e.g. during the cold season).’ 

We point out that whether or not the parent ikaite to the glendonites grew in or out of equilibrium, 
the fact remains that ikaite is more stable at low temperatures. If the ikaite s grew very rapidly, as 
we believe they did, this is more likely to require very low temperatures, as calcite or other CaCO3 
polymorphs are favoured over ikaite as temperatures increase (e.g., recent findings for the Ikka 
Fjord glendonite tufas find that since the fjord waters have warmed several degrees, CaCO3.H2O is 
precipitating on top of the older ikaite, Tollefsen et al., 2022). We have included mention of possible 
disequilibrium effects relating to the previous study which presents glendonite clumped isotopes 
(see detailed response to comments below), and further experiments on ikaite precipitation will be 
undertaken in future work; however as this manuscript does not present any isotopic data (e.g., 
stable, clumped, or dual clumped isotopes), extensive discussion of the caveats surround clumped 
isotope temperatures are beyond the scope of the paper. We also respond briefly to the comment 
about seasonal bias in different proxies (again, see detailed responses to comments). 

CC1 also suggested that the PHREEQC modelling is the weakest part of the manuscript, and that they 
were sceptical about the use of pore water chemistry in Eocene sediments to infer something about 
paleo-conditions. They suggested to dexcribe the outcomes of the PHREEQC model in the results, 
and requested that the authors elaborate a bit more on these results and how they add to the 
discussion in this manuscript.  We will add a section in the results detailing the PHREEQC model 
outcomes and describing the pore water profile trends, and discuss the implications with respect to 
laboratory-based ikaite synthesis experiments at warm temperatures (> 10 C) (see detailed 
responses below). 

Detailed (line-by-line) responses to minor and major comments 

Line 70: “…the conditions under which this was achieved in the laboratory is unlike any natural 
setting.” should probably read “…the conditions under which this was achieved in the laboratory are 
unlike any natural setting.” 

- Accordingly, we have change “is” to “are” 

Line 76-78: On checking the preprint by Jones et al. (2023), most specifically figures 3 and 6, I did not 
find any biomarker-based temperature reconstructions that yielded results below 10°C. It seems the 
only datapoints in this compilation that yield colder temperatures are those originating from Vickers 
et al. (2020), which represent clumped isotope datapoints on glendonites if I’m not mistaken. Unless 
I have overlooked any temperature reconstructions in Jones et al. (2023) the authors are referring to 



here, I think this statement should be rephrased. The authors should acknowledge that the cold 
temperature reconstructions are only found from analyses on the glendonites themselves, and not 
from other (independent) proxies and archives. This observation has implications for the “cold snap” 
hypothesis, as it remains possible that the temperatures reconstructed from the glendonites 
themselves are underestimations (see comments on lines 441-462). 

- We should have been clearer here: We were talking about the magnitude of cooling 
events being  of 5 -7 C – the absolute SSTs were not much below 15C during these 
events. We have changed this to read: “Reconstructed sea surface temperatures 
from biomarkers for northern Denmark also suggest that short-term cooling events 
of magnitude c. 5 - 7 °C (down to SSTs of 15 °C or lower) may have punctuated the 
late Paleogene to early Eocene (Stokke et al., 2020a; Vickers et al., 2020; 
summarised by Jones et al., 2023).” (note that Jones et al., 2023 has now been 
published in Clim. Past.) 

Line 92-94: The train of thought in this sentence is a bit hard to follow for me. Perhaps the authors 
could briefly explain how these colder temperature reconstructions from glendonites imply changes 
in circulation or stratification in this basin. I’m sure this has been discussed in one or more of the 
papers by the authors cited earlier in the Introduction, but for the sake of clarity I would suggest the 
authors indulge the reader who has not read these contributions in detail by explaining the line of 
reasoning here and refer to these previous studies for a more detailed discussion. 

- We will change this to: “If the parent ikaite grew during the PETM or the hothouse earliest 
Eocene climate (as was the case for the well-studied Fur Formation glendonites; Vickers et 
al., 2020), this raises questions about regional seaway connectivity and thermal stratification 
in both the Nordic Seas and the open oceans, as an extreme thermocline within these 
shallow seas is one way to reconcile cold bottom water and warm surface water proxies.” 

Section 2.2-2.6: I commend the authors on their detailed explanation of the geochemical 
measurement procedures. 

- Thank you! 

Section 3.7: It would probably benefit the manuscript if the results of PHREEQC modelling are 
described in more detail here. As it stands, this section now contains one sentence referring to a 
figure and supplement, which leaves the reader searching for the information. 

- This section (now 3.9) has been expanded to give some background information on why the 
interstitial waters are somewhat anomalous, including references to interstitial water data 
from Planke et al. (2023): “The shipboard analyses of interstitial water (IW) samples showed 
non-typical behaviour within Units IV and V (the vent infill) at Site 1568A, with lower 
alkalinity (2–3 mM) and higher pH (~8.2) compared to both underlying and overlying strata 
(Planke et al., 2023b). Many IW profiles in ocean sediments above igneous basement show a 
marked reduction in dissolved Mg/Ca ratios with depth (e.g. the infill interval (51.45–119.09 
metres below surface, mbsf) shows an inversion in dissolved Mg/Ca ratios to increasing 
values with depth (Fig. 9). Results from the PHREEQC modelling for the interstitial waters 
(IW) are shown in Fig. 9 and in the supplementary data. Dissolved inorganic carbon (DIC) 
speciation is shifted towards [CO32-] across the HTV infill and as a result the saturation index 
of the CaCO3 minerals increases in these horizons, in the case of calcite to values greater 
than zero.” 



Line 263-269: While I understand the decision to keep the terminology of the different carbonate 
phases observed within the glendonites consistent with previous literature, I think it would be 
helpful to include a brief description of the crystal habit (e.g. “botryoidal”, “sparry”, etc.) and texture 
of each phase (or “type”) here in the Results section. 

Descriptions of the crystal habit, as much as possible, are given in table 2, to which we will improve 
the clarity of some of the descriptions as follows: 

Carbonate 
phase 

Description 

Type 0 

Green-brown, microcrystalline, granular carbonate phase, not observed in all glendonites 
(Fig. 4). Heterogeneous colour distribution from browner to greener areas, not visibly zoned 
under plane polarised light (Fig. 4B and F). Commonly shows black dendritic surface 
patterns. SEM imaging revealed Type 0 to be composed of micro-grains of carbonate, rather 
than being a single crystal (Fig. 5). 

Type 1A 

Forms dark and light brown zoned, rounded anhedral patches known as 'blebs' (Figs. 4E,F,H 
and 5A). The BSE SEM shows it has higher porosity than the calcite overgrowths (Fig. 5B), 
and EDS mapping shows some chemical zoning defined by its Mg concentration (Fig. 5F). 
Equivalent to Type 1 (I) of Huggett et al. (2005), Vickers et al. (2018), Schultz et al. (2023), 
and Counts et al. (2023). 

Type 1B 

Uneven coloured anhedral brown to dark brown calcite. May radially overgrow, or 
intergrow with, pale, non-porous Type 2A. Type 1B is indistinguishable from Type 1A except 
that it grows over Type 2A rather than the other way around, and generally has slightly 
higher [Mg] than 1A. Type 1B is not visibly zoned, and makes up larger patches/areas (Fig. 4 
C – F; Fig. 5). May show cracking along cleavage planes (Fig. 4C). 

Type 2A 

White to pale brown, concentrically zoned calcite (under plane polarised light) that directly 
overgrows Type 1A, showing Mg-zoning (Fig. 4), and generally higher Mg than Type 1A (Fig. 
5). Low/no porosity compared to Type 1A&B (Fig. 5). Equivalent to Type 2 (II) of Huggett et 
al. (2005), Vickers et al. (2018) and Schultz et al. (2023) and Type 2A of Counts et al. (2023). 

Type 2B 
Very similar to Type 2A; clear/white crystalline calcite with no porosity zoning. Unlike 2A, it 
also lacks chemical zoning, and may show cracks along cleavage (Fig. 5). Type 2B calcite is 
generally characterised by a higher Mg than Type 1A&B calcite phases (Fig 5). 

Type 3 Isopachous sparry or fibrous epitaxial calcite overgrowths to Types 1 and 2; higher [Mg] than 
types 1 and 2 (Figs. 4H and 5). 

 

Line 296: Is “blebs” a scientific term in this context? Perhaps the authors can define it here for 
clarity. 

- We will add the clarification “bubble-like mineral inclusions” here, and In table 2 we will add 
a line defining it as follows: “Forms dark and light brown zoned, rounded anhedral patches 
known as 'blebs' (Figs. 4E,F,H and 5A)”.  

Line 311: A space is needed between “localized” and “increase”. 

- We have accordingly put in this missing space. 

Line 313: “due to the rapidity of the reaction” This reasoning requires a bit more explanation, I think. 
Do the authors mean that the faster mineralization rate causes less discrimination against Mg in the 



crystal structure compared to phase 1A? If so, it would be helpful if the authors supported this claim 
about the influence of reaction rate with a reference. 

- Good point. We have accordingly added a reference to Schultz et al. (2023), where the 
difference in fabric related to rate of transformation can been seen in the images shown in 
their Figure 3, and have clarified the text to read: “The formation of 1A blebs began during 
the recrystallisation reaction, preferentially excluding Mg from the crystal structure, leading 
to a highly localised increase of Mg2+ in the pore waters. This may have taken place over 
timescales of years (Schultz et al., 2023b). Where breakdown was rapid, larger areas of Type 
1B formed (also observed in ikaite transformed on timescales of hours; Schultz et al., 2023b). 
The faster mineralisation rate of 1A compared to 1B is believed to have caused less 
discrimination against Mg in the crystal structure, as evidenced by the higher Mg content of 
1B compared to 1A (Fig.6).” 

Line 339-344: Here I think the authors should acknowledge that this link between methane seepage 
and ikaite formation (and the appearance of glendonites in the sedimentary record) has also been 
recorded in geological history (e.g. Morales et al., 2017) 

- We will change the reference to the review paper of Rogov et al., 2023, which presents a 
detailed discussion of the evidence for methane / org C as carbon sources for 
ikaite/glendonite, including Morales et al., 2017. We will expand the discussion of the 
methane-ikaite link as follows: “The breakdown of sedimentary Corg via sulphate reduction, 
and/or the anaerobic oxidation of methane (AOM) are thought to play a key role in ikaite 
precipitation, largely because the low δ13C values measured in ikaites and glendonites suggest 
an organic or methanogenic source of carbon (e.g. Rogov et al., 2023 and references therein), 
and also because these organic matter decomposition processes generate DIC (Hiruta and 
Matsumoto, 2022; Whiticar et al. 2022). Methane has been linked to ikaite/glendonite 
formation due to their frequent proximity to methane seeps (Greinert and Derkachev, 2004; 
Teichert and Luppold, 2013; Hiruta and Matsumoto, 2022) and gas inclusions containing 
methane and other hydrocarbons in glendonite specimens from the Jurassic of Siberia 
(Morales et al., 2017). However, other studies which examined sedimentary biomarker 
evidence for AOM in Oligocene and Eocene-aged glendonite-bearing strata did not find 
evidence for significantly elevated rates of AOM and support an organic matter source for the 
examined glendonites (Qu et al., 2017; Vickers et al., 2020).” 

Line 394-397: I find it hard to see the connection between PHREEQC model results and the 
discussion in this section, but I think that is mostly because the results of the modelling have not 
been described in the manuscript. It would be easier for the reader to follow the reasoning here if 
the outcomes of PHREEQC simulations are first described (in Results) and then discussed earlier in 
the discussion before they are used to support the discussion here. 

- We will now expand the description of the PHREEQC output in the results section as follows: 
“The shipboard analyses of interstitial water (IW) samples showed non-typical behaviour 
within Units IV and V (the vent infill) at Site 1568A, with lower alkalinity (2–3 mM) and higher 
pH (~8.2) compared to both underlying and overlying strata (Planke et al., 2023b). Many IW 
profiles in ocean sediments above igneous basement show a marked reduction in dissolved 
Mg/Ca ratios with depth (e.g. the infill interval (51.45–119.09 metres below surface, mbsf) 
shows an inversion in dissolved Mg/Ca ratios to increasing values with depth (Fig. 9). Results 
from the PHREEQC modelling for the interstitial waters (IW) are shown in Fig. 9 and in the 
supplementary data. Dissolved inorganic carbon (DIC) speciation is shifted towards [CO3

2-] 



across the HTV infill and as a result the saturation index of the CaCO3 minerals increases in 
these horizons, in the case of calcite to values greater than zero.”. 

Lines 399-440: I think the hypothesis for the formation of ikaite in connection to the deposition of 
the ashes in this section is very plausible. 

- Excellent  

Lines 441-462: I’m not sure if I am fully convinced that the data presented in this study and the 
previous studies cited here are conclusive evidence pointing towards “cold snaps” during the Eocene 
hothouse. In my opinion, there remain two other possibilities that could reconcile the cool 
temperatures measured in the glendonites using clumped isotope thermometry with the warmer 
temperatures inferred from biomarkers. 

Firstly, it is possible that the transformation of ikaite to glendonite does not take place in (clumped) 
isotopic equilibrium. Studies using the comparatively new “dual clumped” method highlight that 
some carbonates (e.g. those in brachiopod shells or corals) are affected by rate-limiting processes 
such as the hydration of CO2 in the water and the diffusion of DIC to the mineralization site (Davies 
et al., 2023). If glendonites indeed grow as fast as hypothesized in the previous section (lines 427-
433), these processes may also cause kinetic effects in their isotopic composition. In brachiopods, 
such effects are demonstrated to cause an offset between the D47-based temperature and the 
actual environmental temperature under which the carbonate mineralizes of up to 10 degrees, 
enough to potentially explain a large part of the temperature offset cited here (Bajnai et al., 2020; 
Davies et al., 2023). While I would not suggest the authors add dual clumped measurements of their 
glendonites to this study (which might be analytically challenging considering their heterogeneity in 
terms of carbonate phases), I think this caveat should be recognized as part of the discussion here. 

- This is true; the kinetics of ikaite growth/transformation have yet to be fully explored. This is 
something for future study; in this study we do not present any clumped isotope data; we 
document and describe the glendonites found in the succession. However, we stress that 
the presence of glendonites alone implies low temperatures due to the temperature 
dependency of ikaite metastability, and that ikaite has never been found in nature growing 
at temperatures of > 10 °C, and the key arguments presented here are based as much on the 
presence of ikaite as the clumped isotope temperatures. Yet of course there is a possibility 
that they formed at higher temperatures, as implied by laboratory studies that managed to 
fleetingly precipitate ikaite at temperatures of > 10 C (Purgstaller et al., 2017; Tollefsen et 
al., 2020). We will clarify the statement in the introduction by specifying the difference 
between laboratory experiments and natural ikaite precipitation sites: “Whilst the successful 
synthesis of ikaite at warm (≤ 35 °C) temperatures in laboratory conditions raises the 
possibility of ikaite/glendonite formation at much warmer temperatures than modern-day 
natural ikaites (Purgstaller et al., 2017; Tollefsen et al., 2020), the conditions under which 
this was achieved in the laboratory are unlike marine natural settings (e.g., compared to 
modern marine ikaite-bearing sites those precipitation experiments were characterised by 
DIC concentrations at least an order of magnitude higher than typical pore water profiles and 
Ωcalcite >100, far in excess of that typically found in natural settings; Zhou et al., 2015)”. Then 
in the discussion look at the remnant alkalinity and Mg/Ca of the pore waters, and MgO 
content of the ashes, to argue that the conditions reached in laboratory synthesis of ikaite at 
> 10 C are unlikely to have been met in these sediments, “While this overall indicates that 
the conditions necessary for ikaite formation prevailed in the HTV infill, we note that the 
carbonate chemistry of the remnant pore water profiles is characterised by conditions that 



are far less saturated with respect to CaCO3 minerals than those necessary to form ikaite in 
the laboratory, especially at higher temperatures (Purgstaller et al., 2017; Tollefsen et al., 
2020).”. Thus, although we cannot in this study test the kinetics of ikaite 
growth/transformation (as we are not presenting clumped or dual clumped isotope data), 
we argue that it is more likely that the parent ikaite grew at low temperatures, even if the 
clumped isotope data presented for the Fur Formation glendonites should prove, in a 
hypothetical future study, to reflect kinetic disequilibrium. We will also add a brief 
description of the caveats of the various proxies to the discussion as follows: “Alternatively, 
however, these discrepancies may reflect biases in the specific proxies used, e.g., seasonal 
(Jia et al., 2017; Udoh et al., 2022; de Winter et al., 2021), or even issues with the proxies 
themselves; e.g., brGDGTs measured for biomarker-based temperature reconstructions may 
be affected by changing conditions or source (Zhang et al., 2016; Inglis et al., 2019), or, in the 
case of carbonate clumped isotopes, solid-state reordering pushing the apparent 
temperature up (Henkes et al., 2014), or kinetic disequilibium during the carbonate 
precipitation (Daëron et al., 2019), meaning that these signals may be challenging to 
interpret as reflecting true aquatic temperatures at the time of formation in some settings.” 

Secondly, I think the authors should consider the possibility that the difference between the 
temperatures recorded in the glendonites and those in the organic proxies can be explained by a 
difference in the season in which these materials are formed. If the glendonites formed in the winter 
and the biomarkers represent a summer signal, it is not inconceivable that the former yields 
temperatures of 1-9 degrees and the latter 20-30 degrees, especially in the higher latitudes. In fact, 
similar seasonal temperature contrasts are common in modern marine systems like the North Sea 
(e.g. Van Aken, 2008) and have been observed in seasonal-scale temperature reconstructions from 
higher mid-latitudes in the same region during past greenhouse periods (e.g. de Winter et al., 2021). 
In addition, while the season of growth of recrystallization of the glendonites would be hard to 
constrain, at least there is some evidence that biomarker-based SST reconstructions may be 
seasonally biased (Jia et al., 2017; Udoh et al., 2022). It seems plausible to me that the ikaites form in 
the winter season when temperatures drop enough for the mineralization to start, even if the 
chemical conditions that seed ikaite formation (made possible by the volcanic ashes) are in place 
earlier in the year. Therefore, I think this hypothesis cannot be disregarded in this discussion. 

- We agree, in fact our model is based on the assumption that there is a seasonality effect; a 
particularly cold, windy winter (e.g. driven by volcanic cooling) would cool surface water, 
which eventually lead to a cascade event whereby the denser cold water at the surface 
would sink below the warmer bottom water. After this, the basin would once more become 
stratified, with the cold, dense water remaining at the bottom and enabling ikaite to grow. 
Such a seasonal winter bias still needs an anomalously cold winter in this sub-Polar region. 
We will add the following to the manuscript “Without sufficient exchange with the global 
ocean, bottom waters colder than the global deep ocean, that may have formed during 
transient cool conditions such as anomalously cold (e.g., volcanic-driven) winters”. 

Finally, the authors make a link between crystal size and growth rates (lines 427-433). This allows 
room for the argument that relatively large (cm-scale) crystals can grow in relatively short cold 
periods. However, even considering the fast mineralization rates observed for ikaite, I wonder how 
the very large (up to meter-scale) in the Fur formation can form in a setting that is otherwise 
indicative of typical warm Eocene hothouse conditions (e.g. Schultz et al., 2020). Even assuming 
growth rates in the order of centimeters per year, growing such crystals would still require decades 
to centuries of cold periods in this area. While this observation seems to favor the “cold snap” 



hypothesis rather than the seasonal growth I suggested as an alternative above, it still seems hard to 
explain such prolonged cool periods of which no evidence is present in the local geological record 
beyond the glendonites. This makes me think that perhaps the thickness or composition of the ash 
layers across the basin might be a factor influencing the differences in glendonite size between the 
locations (with the larger glendonites begin found further south). Perhaps the authors could 
comment on this in the manuscript. 

- The glendonites are only associated with the thick, tholeiitic ashes in both the Fur Formation 
and the mid-Norwegian margin, as discussed in section 4.2. It is curious that the largest 
glendonites ever found are from the Fur Formation of Northern Denmark, some 700 
kilometers away from the NAIP nearest volcano (Stokke et al., 2020 Volcanica; much further 
than the 396 drill sites in the Modgunn and Mimir transects), and where there is a lack of 
evidence for methane venting/seeping (e.g., Vickers et al., 2020; Jones et al., 2019). Further 
than this we cannot comment on, as the unusual large size of the Fur Formation “mega-
“glendonites remains a mystery, beyond the scope of this study. 

 


