
Dear Roger Soliva,  

Please find below again our response to the reviewers, this time with the respected line numbers 
corresponding to the markup version of the revised manuscript, which is also attached below. We 
fully understand that without line numbers an evaluation of the revised manuscript was difficult. 
Also, in red color, we added additional clarifications to the response.   

With respect to your note on the need of more explanations in results and discussion, more/better 
details on the petrography, etc., we think that this is what we have covered in our revisions.  

You suggest to use the IGV for estimating the burial depth of the sandstone / formation depth of the 
calcite cement, which is indeed a tempting approach. However, we see two major problems in such 
an assessment: First, the compaction curve of Paxton et al (2002) is based on mature, well rounded 
sandstone, which is very different from the sandstone analyzed here, i.e. poorly sorted, angular to 
subangular grains, and a significant amount of “ductile” framework grains like biotite. Second, there 
is a huge scatter in IGV data at any given burial depth (e.g., see compilation of Taylor et al., 2010, 
AAPG Bull). Hence, without running a proper compaction modeling, which is beyond the scope of this 
contribution, the use of IGV would not hold sustainable insights for narrowing down the formation 
depth of the calcite cement.  

Kind regards, 

Eric Salomon 
on behalf of all authors of this contribution 



Author response to comments of Reviewer 1 on “Fault-controlled fluid circulation and diagenesis 
along basin bounding fault systems in rifts – insights from the East Greenland rift system” by 
Salomon et al.  (response indented and in italic) 

 

This is a well written and illustrated paper that is worthy of publication. It nicely documents how 
early diagenetic, fault-controlled cementation can modify rock physical properties and thereby 
control subsequent fracture patterns, fluid flow and diagenetic overprint.  I would recommend 
moderate revisions prior to publication in order to clarify a few points, and in particular to expand a 
little more on the conceptual model that is presented.  In particular, Figs 10 and 11 are very well 
drawn but need a lot more explanation in the text.  I really couldn’t see why Fig 10 was needed – Fig. 
11 works very well and is specific to the study area.  However, in order to build up the rationale for 
the conceptual model a number of issues need to be more fully explained: 

Use of figure 10: We decided to include this figure, because we thought without showing the 
general subsurface flow pattern in coastal areas, it would be difficult to understand the 
suggested flow lines of marine subsurface water in figure 11 (e.g., to avoid the question of 
why the flow lines are not the other way around.). 
More explanations to model: We think that this is covered with the overall revisions, i.e. the 
improved discussion on the stable isotope data, minor element data, and on permeability of 
the cementation zone.  
 
 

1. There needs to be a clear definition early in the paper as to what is meant by ‘early syn-rift’, ‘rift 
climax’, ‘post-rift’, etc. and ideally these timings should be shown on Fig. 1b and briefly 
described in the text.  I got a bit confused in parts of the paper as to the actual timing that was 
being discussed.  

We added the timings to the stratigraphy column in Fig. 1b and in the text it is now 
clarified that such a subdivision is made. We also clarify that “early syn rift” is broadly 
similar to rift initiation (sensu Prosser, 1993). [lines 103-105] 

 
2. The discussion as to how quickly cementation occurred (~lines 270 – 275) needs to be drawn out 

a little more as the prose jumps around a bit.  Establish that the most reliable dates for matrix 
cementation are ~150 to 140Ma, then give the age of the LB Formation.  From there, build the 
argument of increased tensile strength controlling fracturing and use the date of G-10v1 as 
evidence that matrix cementation happened immediately post-deposition.  This is the core of 
your paper, so needs to be carefully explained. 

We remodelled this section by shifting the vein age of G-10 v1 in front of the 
discussion of recrystallization of the younger cement ages to clarify the age boundary 
of the cementation zone. [lines 328-343] 

 
3. Figure 9 uses an interpolation of dip to calculate depth of cementation based on the present day 

erosional profile, but I am not totally convinced by this because: 
• there is no mention of structural tilt, which must have occurred as a result of uplift and 

doming in the Cenozoic?  
• The estimation of 10 or 15o depositional dip seems steep and I couldn’t find reference 

earlier in the paper (e.g. from field measurements) as to where this value might have 
come from.  Maybe I missed it. However, given that a 5o dip difference (from 10 to 15o) 



has an impact of ~300 m change in burial depth, should a lower dip (e.g. 6o?) also be 
shown?  

• The effect of compaction is referred to in brackets, yet this is important. Thickness is 
estimated from interpolation/extrapolation from ~4km from the fault, but at >1km from 
the fault there would have been more compaction than within the cemented zone, which 
presumably is undercompacted because of the effect of early cementation.  What do you 
know of compaction from petrographical analysis of uncemented sandstones? 
 

The reviewer raises valid points here, which are difficult to address though, as this 
implies a lot of speculation:  

i. Compaction: The reviewer is right, that the calcite-cemented fault-promixal 
sediments are less compacted than the uncemented fault-distal sediments. From a 
rough image analysis this amounts to ~35 % vs ~20% intergranular volume. 
However, for a proper compaction analysis it would be necessary to know the 
thickness of the Lindemans Bugt Formation and the early syn-rift sediments 
(comprising significant amounts of clay) underneath the respective sample 
locations, both of which is unknown. It is evident though, that the whole hanging 
wall sediment package increases in thickness towards the fault providing a larger 
rock column susceptible to compaction, which counterbalances the larger amount of 
compaction of fault-distal uncemented sediments. To which degree is speculative in 
our view. 

ii. Cenozoic uplift and doming: What is its amplitude? Did it affect only fault-distal 
sediments or the whole area including the footwall? These factors would be 
necessary to know, but to which we cannot provide an answer.  

iii. The slope angle of 10-15° for fault-proximal sediments is taken from Henstra et al. 
(2016), as cited. Of course, this is an overestimate, because (a) the slope angle 
decreases away from the fault, and (b) does not take into account potential drag of 
sediments along the fault. A slope angle of 6° would lower the depth of cementation 
to ~490 m. We chose to perform the calculation with these steep fault-proximal 
values to provide a number for maximum depth. Therefore, we regard our 
assumption of calcite cementation in a burial depth <~1000 m as reasonable, but 
removed “confidently” from the MS. 

 

4. All in all, the reference in line 285 of confident estimation of burial depth seems a bit of an 
overstatement. Furthermore, the absence of quartz overgrowths is not a strong argument for an 
absence of burial; there could have been burial but no quartz-rich fluids. All this leads me to 
recommend that there has to be a better attempt at constraining the burial history, based on 
what is known of the structural evolution of the basin and the overlying sediments. This is also 
important for interpretation of fluid temperature and formation temperature. In a rift basin, 
geothermal gradients can be 50oC/km, so a clumped isotope temperature of ~55oC could be 
equivalent to a burial depth of <1 km (ie. the fluid need not necessarily be hydrothermal).  The 
argument for the geothermal gradient in the text is a bit muddled, as it doesn’t specifically 
separate the likely geothermal gradient of the basin from the heat flow along the fault and the 
resultant temperature of the fluid. 

a. Quartz overgrowth: Silica for quartz cement is commonly regarded as deriving 
internally from the sandstone due to dissolution of feldspar and lithic grains, and 
quartz grain dissolution at quartz/quartz and, more effectively, at quartz/mica 
contacts (e.g., Walderhaug, 1994; Oelkers et al., 1996; Bjørkum et al., 1998; Harwood 



et al., 2013). As the sandstone itself is able to provide sufficient silica, and quartz 
cementation is controlled by crystal growth rate and not by production and transport 
of dissolved silica, the silica supply is not seen as a limiting factor for quartz 
cementation (e.g., Walderhaug, 1996, 2000; Lander et al., 2008; Taylor et al., 2010; 
now added to the manuscript). This also agrees with observations that formation 
waters are typically saturated or oversaturated with silica (e.g., Bazin et al., 1997a, 
1997b; Land, 1997; Houston et al., 2007; Palandri and Reed, 2001). Instead, it is 
shown that the quartz cement crystal growth rate can be well described as a function 
of time, temperature, and nucleation surface area (e.g., Walderhaug, 1996, 2000; 
Lander et al., 2008; Ajdukiewicz and Lander, 2010; Harwood et al., 2013), which is 
successfully applied in diagenetic prediction modelling in industry and research (e.g., 
Lander et al., 2008; Tobin et al., 2010; Taylor et al., 2015; English et al., 2017; and 
many more).  

Therefore, we disagree with the reviewer and do regard the absence of 
quartz overgrowth as a valid argument that the analysed sediments have not been 
exposed to temperatures above 100°C. [lines 359-366] 

Further, we note that we do not use the absence of quartz overgrowth as a 
burial depth measure, which the reviewer’s comment implies, but only as a 
temperature measure. 

 
b. Geothermal gradient: The reviewer suggests to assess the thermal structure of the 

basin and burial depth of the sediments with the proposition of a likely geothermal 
gradient (c.f. reviewer comment to line 302 in manuscript). However, the reviewer 
notes as well that the geothermal gradient can be highly variable, which is indeed 
documented elsewhere in rift zones (e.g., Wheildon et al., 1994; Jones, 2020). Hence: 
what is a “likely” geothermal gradient? We think that any number would be 
speculative and therefore refrain from such a calculation.  

We acknowledge that in this regard our calculation of a geothermal gradient 
using cement temperature and estimated burial depth might not hold the most 
added value. We therefore removed this part in the revised MS to keep the focus of 
this paragraph on the indication that fluid temperature was spatially variable in the 
hanging wall.  

 
5. A deeper evaluation of the likely fluid source is needed. Using the isotope data, remind the 

reader of the range of values and differences between the cements and the veins and cite the 
δ18Owater of Cretaceous seawater and assess the likely δ18Owater of meteoric water at the 
paleolatitude the basin was at.  Use G-7 as a likely ‘pure’ meteoric water but justify this on the 
basis of the palaeolatitude.   

We improved these sections and added information on seawater δ18O for the 
Cretaceous and meteoric δ18O with respect to paleolatitude. [lines 382-395 and lines 
419-524] 

 
6. More use should be made of the trace element data, which I felt was really not integrated into 

the interpretation as well as it could have been.  It is striking that the concentration of Sr is very 
low (how does this align with cementation from seawater?) whilst Fe concentrations are very 
high.  Why? What does this tell us about the fluids? They must have been reducing, but the 
source of the Fe should also be discussed.  

We expanded chapter 5.3 with a discussion about the source of Fe and Mn and the 
potential reason for the low Sr concentrations. [lines 497-505] 



Incorporation of Sr into calcite is significantly temperature- and precipitation rate-
controlled with an uptake decreasing with temperature and increasing with 
precipitation rate (e.g., Swart, 2015, and references therein; Beck et al., 1992). 
Hence, the low Sr concentration in the cements and veins may be due to the elevated 
precipitation temperature, but it is our understanding that it does not allow to 
decipher the fluid source.  
The source of Fe is most likely biotite, which is a common component of the 
sandstone as seen in the thin sections. This may also explain the large variability of Fe 
concentration across the samples: depending on the local quantity of biotite and its 
reaction time with the fluid, Fe may have entered the fluid and subsequently 
precipitated with calcite to a greater or lesser extent. (see also our response to the 
next comment). 
Pyrite is common along the biotite indicating, that (a) biotite released Fe, and (b) a 
reducing environment prevailed. A reducing environment also allows for the 
availability of Fe2+ which can subsequently be incorporated into the calcite. 

a. We added a figure with BSE images of sample G-38 showing the presence of pyrite 
along biotite, which is abundant in the sample mount. Biotite flakes are expanded 
with calcite surrounding the lamellae.  
 

7. I wasn’t convinced by the idea of diffusion from cement into veins to give similar trace element 
concentrations. How would this work? If the cement had precipitated prior to fracturing – as it 
has to have done to have increased tensile strength – why would trace elements diffuse into the 
fluids precipitating calcite in the veins?  Could it not just be that calcite in the matrix and the 
fractures was precipitated from similar fluids?  

a. Since both reviewers raised doubts in this matter, we understand that some more 
explanations are necessary: [lines 528-545] 

Diffusion of mass from local wall rock into a fracture is seen as a common 
source of vein material and a series of factors promote such diffusion, e.g. chemical 
and pressure gradients between wall rock and fluid-filled fracture (e.g., see reviews of 
Oliver and Bons, 2001, and Bons et al., 2012, and references therein). 

Further, calcite is highly susceptible to pressure solution (e.g., Croizé et al., 
2015; Toussaint et al., 2018), with the formation of stylolites as its most prominent 
resultant in carbonate rock. As pressure solution is known to start at shallow burial 
depth (e.g. Ebner et al., 2009; Croizé et al., 2015), it would be rather surprising if the 
calcite cement in the sandstone was not subject to a certain degree of pressure 
solution.  

b. For the suggestion of similar fluid for cement and veins, we see two problems: 
i. For, e.g., sample G-38 there is an age difference between cement and vein of 

~20 Myr. How likely is it that a fluid has a remarkably similar minor element 
concentration after such a long time period?  

ii. Sample G-36 is taken ~2 m away from G-38, but especially the Fe 
concentration of the cements and veins varies significantly between G-36 and 
G-38. Why would a similar fluid result in very local element variations from 
sample to sample but not show variations from wall rock to vein within one 
sample (and keeping in mind the large age difference between wall rock and 
vein)?  

c. As stated above in bullet #6, the Fe in the calcite cement has likely derived locally 
from the alteration of biotite. The Fe concentration would therefore depend on the 
proximity of the analysed cement to biotite flakes. We revisited the 1-inch mounts of 



G-36 and G-38 used for the U-Pb and minor element analysis and note a very large 
quantity of biotite in the wall rock of G-38 (see the new figure 5).  

d. Therefore, we decide to keep our interpretation, but expand this section with more 
detailed explanations. [lines 528-545] 

  

8. More consideration needs to be given to the source of the carbonate for calcite precipitation.  I 
agree that an organic source seems likely on the basis of δ13C but is this feasible based on what 
we know of the sediment source and depositional process?  What does the isotope data tell us 
of the burial depth and redox conditions? Is cementation taking place in the zone of bacterial 
oxidation or sulphate reduction? 

We expanded this section of the discussion, noting that organic matter is common in 
the Lindemans Bugt Formation (ammonites, bivalves, belemnites, transported plants 
and wood) and that the presence of pyrite indicates organic degradation in the 
sulphate reduction zone. [lines 493-496]ñ 

 

9. A paragenetic sequence is needed to show the relative timings of the phases (backed up by 
images to support the interpreted paragenetic sequence), and to clearly illustrate the relative 
timing of matrix calcite cementation, vein calcite cementation, feldspar overgrowths, 
compaction, etc.  Some more description of the veins is also needed to justify –within the 
paragenetic sequence – that the cements are passive fill; ie. the text and figures should 
demonstrate that vein filling calcite has undergone no structural deformation, there are no wall 
rock inclusions, stretch fibres or cross-cutting relationships suggesting offset, etc. 

We expanded the description of the cements and veins, added respective subfigures 
and a paragenetic sequence. [lines 210-230 and lines 235-243] 

 

Minor points 

• Wollaston Forland – Wollaston Foreland? 
o Wollaston Forland is the Danish name for the region. The word “forland” is a 

landform, and different to the English word “foreland”. 
• Reference is made in the introduction to hanging wall sediments being porous and 

permeable whilst the basement is impermeable. I agree that unconsolidated sediments are 
porous, but are they always permeable? Deep water sediments might have low permeability. 

o We agree with this statement, but also emphasize that the Lindemans Bugt 
sediments and fault-proximal syn-rift sediments are no typical deep water sediments. 
Our statement was more targeting towards the relative permeability difference 
between crystalline and metamorphic footwall versus unconsolidated sediments, 
which we believe is fair to say as being high. We altered the sentence to clarify our 
statement.  

• Methods: how many samples and what was sampling strategy and how many thin sections? 
Was a separate sub-set of polished sections made up for CL and Raman? i.e were there 30 
sections in all or were 30 polished sections made from a larger sample set of thin sections?  
How many samples were of vein calcite and how much were of matrix-cemented sandstone 
or had both matrix cements and veins in the sample? 

o We expanded this section with more details. 
• Please don't use structural phrases as sedimentological descriptors - ie. 'early syn-rift marine 

sediments' is meaningless. They are marine sediments deposited during the early syn-rift.  



o We would like to stick to these phrasings. Terms like “syn-rift 
sediments/deposits/strata” are well established and frequently used in the literature 
(e.g. Jackson et al., 2002; Karner et al., 1997; Sharp et al. 2000; Ravnås et al, 2000).  

• The width of the cementation zone is estimated to be larger than previously (1.5 km rather 
than 1 km) in results but without an explanation of why. Please provide the observations to 
support this statement 

o This statement is based on the visit of new outcrops with regard to the 2014 field trip 
of Kristensen et al. (2016). We clarified this in the manuscript.  

• In the results, please describe directions using cardinal directions rather than ‘farther into 
the basin’ as the latter is interpretive.   

o Corrected. 
• I’ve made lots of comments and suggested edits in the annotated manuscript, including 

some places were interpretation has crept into the results.  
o Highly appreciated! We followed most of the suggestions. Other comments have 

been addressed with the responses above.  
o Line 269: explanation feels unfinished. You mean that there was tensile failure, 

cementation and as a result re-setting of the cement age? But if so, then why 
weren't the matrix cement ages of other samples reset? 
 This is an excellent question, which we unfortunately cannot give an answer 

to. In the literature known to us and discussions with colleagues, we have the 
impression that the process of recrystallization is known, yet the driving 
factors are rather poorly understood. 

o Line 395: there are a lot of oversized pores in Fig. 4 - are these due to grain 
dissolution or a function of plucking during thin section preparation? 
 These pores are indeed the result of grain plucking during thin section 

preparation. We now clarify this in the figure caption.  
o Line 398: if so, why did they not precipitate until they entered the LB Formation? 

 This would be hard to say. Pressure? Temperature? pH? 
o Fig 11: How viable is this? It looks as though groundwater is flowing directly through 

the plateau basalt, but is this feasible? What is the permeability of the basalt? How 
thick was it? 
 These are reasonable questions to which we cannot really provide an answer 

to. It may also be that meteoric water was flowing laterally into the basin, 
e.g. from farther distance through the relay ramp between the Dombjerg and 
Thomsenland faults. We modified the arrow with a dashed tail and a 
question mark and added a remark to the figure caption.  

o Fig. 11: all this looks (in A-C at least) as though there is flow of oxic seawater, but the 
abundance of Fe suggests reducing conditions. This needs more explanation 
 The water may be oxic when entering the sediment, but usually becomes 

anoxic after a few cm to m into marine sediment, which includes coastal and 
shelf settings (e.g. Tyson, 1995, "Sedimentary Organic Matter"; Libes, 1992, 
"An Introduction to Marine Biogeochemistry", and we are not aware of a 
case study showing a redox boundary in deeper burial depth).  
In the revised MS we have now also clarified that calcite precipitated in a 
reducing environment. 
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Author response to comments of Reviewer 2 on “Fault-controlled fluid circulation and diagenesis 
along basin bounding fault systems in rifts – insights from the East Greenland rift system” by 
Salomon et al.  (response indented and in italic) 

 

1. The description of cements should be highly improved and the use of terminology more 
accurate. Drusy calcite means pore-filling calcite crystals increasing in size toward the center, 
what do you mean with coarse calcite? Which is the difference with drusy calcite? Do you mean 
maybe blocky calcite? In any case, size and morphology of crystals should be given. What about 
the CL of these calcite cements? What is the colour, is it homogeneus or zoned? Tough they 
have different textures, are they the same cement or are there different cements? Are there 
differences in the CL for instance from near-fault areas to distal-fault areas? After calcite 
cements, you talk about feldspar overgrowths, feldspar dissolution, quartz overgrowth and 
quartz dissolution in both cemented and uncemented areas. The way it is now written this 
section is confusing. In my opinion, you should stablish the paragenetic sequence in cemented 
and uncemented areas and describe it properly, in order, and with all the information. All this 
information is very important to validate your data. For instance, the two younger ages obtained 
in calcite cements, are really a recrystallization process or a later cement filling the remaining 
porosity? 
 

a. CL color: the color is fairly homogenous across the cement within a sample. We refrain 
from comparing the CL from sample to sample as we were not able to adjust a stable 
gun current for all samples. Therefore, we cannot really provide an answer. Yet, given 
the variability of Fe and Mn concentration across the samples, variations in luminescence 
should be expected.  

b. Recrystallization: For sample G-9, we believe the cross-cutting relationship provides a 
strong argument for recrystallization, with a “young” ~104 Ma cement age and an “old” 
115 Ma vein generation cutting through the cemented rock. For sample TBK2, such a 
relationship could not be established, as this sample does not host a vein. Given its similar 
cement age (~103 Ma) to the G-9 cement, and the equant spar to poikilotopic calcite 
texture, we argue that recrystallization seems feasible here as well. However, we 
certainly acknowledge that these latter points are no direct proof of recrystallization and 
is only our interpretation. We cannot fully exclude the possibility of a second cement 
growth phase for sample TBK2. We clarify this in the revised manuscript. 

c. Other diagenetic features: We remodeled this section, added more information, and a 
paragenetic sequence. [lines 210-230] 

 

2. The same comments can be applied in the following section about veins. You need to 
characterize the different generations of veins. Can you quantify vein density? Increases towards 
the main fault? I guess yes. How is the calcite or dolomite filling these veins (size and crystal 
morphologies, texture, CL)? Veins have one or several cements? Are they petrographically 
similar or different to host rock cement? What about fracture shapes and lengths? How is the 
contact between the vein and the host rock? Is it abrupt or gradual? What is the behavior of 
your veins (opening? Shear?)? How many generations of veins are present? You talk about two 



generations near the basement, what about in more distal areas? Looking at figure 5, it seems 
that you have at least 3 different calcite cements in veins plus a dolomite cement. 
 

a. Vein density: The vein density has been assessed by Kristensen et al (2016) and we 
mention it in the geological setting chapter (vein density does indeed increase towards the 
fault).  

b. Vein descriptions: We expanded this section with more detailed information. [lines 235-
243]  
 

3. In this sense of distinguishing calcite cement generations in both host rocks and veins, it is 
surprising to me that you have not done the basic stable isotope analysis with a δ18O- δ13C 
crossplot. If you do this, you have two populations one around -5‰ in δ18O and δ13C values 
between -25 and -15‰ (group A) and another around -11‰in δ18O and δ13C values between -
15 and -10‰ (group B), which in turn are different from the calcite vein of 50 Ma, the vein in the 
transfer zone and the veins near the fault core. It is true that when you add ages it gets more 
complicated and in different samples one can see opposite trends from A to B of different ages. 
But this has to mean something…moments of major inputs of meteoric fluids at different times? 
 

The reviewer points to two populations in the comparison of carbonate d18OVPDB vs 
d13CVPDB. The clumped isotope results reveal that this is a formation temperature effect and 
is not indicative for different fluids. For assessing the fluid source (e.g. marine or meteoric), 
the fluid d18OVSMOW data has to be looked at, which is calculated from carbonate d18OVPDB 
using the determined clumped isotope formation temperatures. These populations 
diminish if the temperature effect is taken into account and a comparison of fluid 
d18OVSMOW and carbonate d13CVPDB is made (which needs to be done if the fluid source 
should be evaluated). A slight trend might be visible in the fluid d18O vs carb d13C from very 
low d13C and high d18O to low d13C and low d18O, which basically reflects the data 
distribution shown in Fig. 7c,d (now 9d,e) and might be caused by meteoric inflow from 
the footwall (but as said, the data set is limited and this interpretation should be taken 
with care).  
We now include the fluid d18OVSMOW vs carbonate d13CVPDB cross plot in figure 7 (now 9), as 
we agree with the reviewer, that it nicely shows the differences between Eocene vein, fault 
core veins, basement vein and the rest of the samples.  [lines 293-299 and lines 388-395] 

 

Regarding these two sections, figures 3, 4 and 5 are disordered in relation to the text. You call first 
3c, then 3e, 4b, 4c, 4d,f , 3b, 5a,b and then 3a! It should be reorganized so figures are called in order. 

We reordered the subfigures of figure 3. The main figure order in the text from 3-5 is correct, 
and in our opinion it is passable that occasionally single subfigures are referred to out of 
order.  

 

Line 224: you interpret that sample TBK2cem is recrystallized. Recrystallization is an interpretation 
and should be discussed in the discussion section and not introduced in the results. However, I think 



you should describe well these samples (TBK2 and G9cem) to justify that they are not a second 
cement generation filling the remaining porosity and support recrystallization. 

We removed the interpretation from the results chapter and expanded the description of the 
cements. [lines 210-214] 

 

With regard to elemental composition, you cannot characterize all your veins in the hanging wall 
together, as you have different cement generations (i.e. G36 and G22 with different CL (fig.5) and 
different stable isotopy). Moreover, some of them have important CL zonations that are going to 
imply strong variations at least in Mn and Fe. 

As stated above, a comparison of CL color from sample to sample is difficult. Within a vein, 
there is a certain degree of zonation, which is also reflected in the minor element data (e.g., 
see the supplementary figures). Growth zonation is mentioned in line 241 and shown in figure 
7. Due to the circumstances with the CL analysis stated above, we refrain from further 
discussing CL color. 

In our response to the other review, we outline that the Fe concentration in the calcite cement 
in the wall rock is likely dependent on the distribution of biotite clasts (see our clarifications to 
possible diffusion). Since we argue, that the Fe concentration of the vein calcite is reflecting 
diffusion, the composition of the fluid in the fractures may be variable, depending on the 
fluids interaction with the local wall rock and the fluid flux. [lines 497-505 and lines 528-545] 

 

I agree with the authors that cementation started soon after the deposition of the sediments, I think 
that the dates of TBK1cem, G-38cem and G36cem indicate this. Also veining started at the end of the 
rift climax stage as denoted by G10v1. However, I still have concerns about the recrystallization fact 
(possibly because of the lack of a good description. I think you should describe better these two 
samples G-9cem and TBK2cem, also adding good pictures). Is it possible that cementation occurred 
at different times at different stratigraphic levels in a heterogeneous way? I mean, is it possible that 
the beds where sample G9cem or TBK2cem are, were cemented after the bed of G38cem for 
instance? Or that there are two cement generations? Could be this date of 115.5 Ma the wrong one? 
Or if there is a recrystallization, what is the cause of this patchy, local recrystallization? 

Surely, the matter on potential recrystallization is not super clear. Sample TBK2 derives from 
the same bed as TBK1 and ~1m apart from each other, but this cannot truly hold as evidence 
for simultaneous cementation, as the bed may have gotten fully cemented in two phases. For 
sample G-9, the story is more clear: the wall rock is cut by the vein and therefore must have 
been cemented prior to fracturing. We see no indication that the age of vein G-9v4 might be 
wrong.  

We improved the description of the cements and added two more representative photos of 
cements of which we obtained ages (G-9 and G-36). When comparing the cement texture of 
which we obtained ages from, we find it intriguing that the only samples with major equant 
spar to poikilotopic cement textures are G-9 and TBK2. Hence, we stick to our interpretation 
of recrystallization, although, as said above, we cannot fully exclude a second growth phase 



for TBK2. We rewrote this section in the discussion to clarify and acknowledge this 
circumstance. [lines 210-216 and lines 335-343] 

 

When using U-Pb dating in fractures and veins, usually we don’t know whether we are dating 
fracturing or fluid flow (I have had the same problem). You discuss this fact in a certain way when 
you say that maybe you have fracturing during the rift climax and then cementation during the 
postrift. However, I think that your reasoning is not good enough because you base that veining 
(fracturing+cementation) occurs during the postrift because you have one vein cemented in the 
synrift and then more veins should be cemented (it is highly probable that there are more veins 
during the synrift, it is a sampling bias). I think that the key point is the texture of veins. Veins with 
crackseal texture are a clear evidence of opening and immediate cementation. You said you have 
some veins with this texture. Do you have dates of this texture in the postrift? In veins with just an 
opening mode is more complicated. I think it could be good to add a column in table 1 indicating the 
vein texture. Anyway, I think that here the key point to highlight with your data is that cementation 
started soon after deposition followed immediately by veining, which lasted during the postrift. 

We fully agree, that in case of a larger sample suit, we would most likely have more veins 
with a syn-rift age. But probably also more of a post-rift age. We are not so sure, if it is really 
“highly probable” that with more samples we would see an even age distribution of veins 
from the syn-rift to the post rift. But sure, we cannot exclude this possibility. We added a 
sentence to the discussion to clarify this. [lines 407-408] 

We do have ages of crack-seal growth phases (8 in total) and called them “reopening vein” in 
table 1 and figure 6. We refrain from using the term “crack-seal vein” here, to avoid 
confusion, whether or not this texture includes the first vein generation (i.e. the “initial vein”). 
Other veins have multiple growth zones (termed “continuous growth vein” in table 1 and fig. 
6) and U-Pb ages are consistently in line with the relative growth formation (which also 
applies to cross-cutting relationships, where visible, in the crack-seal veins). Therefore, we do 
believe that the determined ages are the formation ages and not indicating later fluid flow.   

 

Line 341: your explanations only work if you maintain the same water composition too. With regard 
to the source of calcium and CO2 for calcite precipitation (seawater vs Permian carbonates). Why 
you haven’t done 87Sr/86Sr isotope analyses? It could be a good way to discern the source and the 
level of fluid-rock interaction. 

The paragraph starting with line 341 concerns the temperature variations across the 
hangingwall vein samples. The water composition has no effect on the clumped isotope 
signal, as the D47 ratio is temperature dependent. 

We agree that Sr isotopy might provide useful data for such evaluation. However, the low Sr 
concentration in the calcite deterred us from going at it, as it was a tough challenge collecting 
sufficient pore-filling calcite material from the sandstone samples. We therefore had to set 
priorities and decided to use the material for the clumped isotope analysis.  

 



d13C values are really low, up to -23‰, in your host rock cements and veins indicating organic 
matter oxidation. Where is contained this organic matter? In the own Lindemans Bugt Fm or in units 
below? Any idea about TOC contents or HC presence in the area? 

We added “Organic matter is common in the Lindemans Bugt Formation, composing mostly 
of ammonites, bivalves, belemnites, and transported plant and wood fragments (Pauly et al., 
2013; Henstra et al., 2016) […]”  [lines 493-496] 

HC presence is not known and seems unlikely.  

The low d13C does not necessarily reflect oxidation of organic matter, but could also be 
caused by reduction of organic matter. The latter seems more likely due to the high 
concentration of Fe in the calcite and the presence of pyrite (now described in the revised 
manuscript).  

 

You base your hypothesis of diffusion on the similarity of the elemental geochemistry between veins 
and their respective host rocks. I have my doubts about this interpretation, don’t you think that an 
easier explanation is that cement and veins are derived from the same type of fluids? I also think that 
you can extract more information of these data (i.e. redox conditions, fluid origin…). 

Please see our comment in our response to the other review, where we clarify and strengthen 
the arguments for diffusion. 

 

Figure 11, in my opinion, needs some modifications to be more representative of your story. In A, 
you establish an in-fault circulation of surficial fluids and upward metamorphic fluids. The latter are 
sustained by your data and discussed in the text but what are the evidence for the surficial fluids? If 
any, it should be discussed also in the text. Minor graphical comment: As the picture is in 3D, you 
should maybe paint these metamorphic fluids along the fault plane (as you have done with your in-
fault circulation). In B, the arrow for the upflow of metamorphic fluids should be removed, right? 
Your data and your discussion points towards the presence of seawater and a mixing of seawater and 
meteoric fluids that increases towards the fault. This entrance of meteoric fluids through the fault 
zone that diminishes towards the basin should be illustrated. The same for C. I think there should be 
another sketch before D to illustrate veining during the postrift with their respective fluid origin to 
complete your story. 

The arrow indicating the flow path of in-fault circulation is maybe misleading, as we did not 
want to argue for surficial fluids, but rather for in-fault marine fluid circulation. We now 
clarify this with the description within the figure.  

Upflow of metamorphic fluids in figure B: figure B aims at still representing the faults activity 
(the hangingwall basin is still deepening), and therefore fluid pathways should still have 
existed for metamorphic fluids.  

Graphical modification for metamorphic fluids: We agree, but have to admit that this is 
where the first authors drawing skills have reached their limit.   



Inflow of meteoric fluids: In the discussion, we are careful with the interpretation that the 
data shows an influx of meteoric groundwater from the footwall into the hanging wall and 
therefore want to avoid adding this to the sketch.   

Fifth figure: We added a fifth subfigure accordingly. At the same time, a post-rift sediment 
package is now included, which was missing in the previous version.  

 

Minor comments: 

Line 85: mafic and ultramafic rocks (in plural) 

 corrected 

Line 87: dolostones and limestones, or just carbonates, as you prefer but not a mixture 

 We changed it to carbonates. 

Line 90: rewrite description of Bernbjerg Fm, I guess it is marine heterolithic mudstonesandstone 
turbidites. 

We changed the description to “heterolithic deposits of marine origin, as well as alternating 
basinal mudstones and turbidite sandstones” 

Figure 2: in the legend it should appear the blue color in the upper left corner of the image as well as 
the grey color. 

We added this to the figure legend.  

Line 141:it is strange that you talk about carbonate vein and calcite cement when what you have 
inside the vein it is also a cement. I think you should say carbonate vein if you wish and then 
interparticle calcite cement or host rock cement, or something similar to be more accurate. 

Vein material is commonly not referred to as cement (although we are aware that some 
authors do occasionally use this term). We now clarified in the MS that with cement, we only 
refer to interparticle calcite. 

Where did you performed the clumped isotope analysis? 

 At the Department of Earth Science, University of Bergen. We added this info in the MS.  

Line 179: does the cementation zone go farther into the basin in coarse-grained beds as it seems to 
be represented in this way in your figure 11? 

Yes, since in the fault-distal sediments the cementation is confined to conglomerate beds. We 
added this info to the revised MS. 

Line 180: alteration zone –> cementation zone, it is better if you use the same concept along the 
manuscript.  

 We absolutely agree and corrected it. 

Line 183: how is the matrix of these matrix-supported conglomerates? Why are they preferentially 
cemented? 



 The matrix is commonly fine to coarse sand. We added this to the text.  

Preferential cementation: Unfortunately, we have no answer to this. Maybe more nucleation 
sites? Higher permeability? 

Line 188: biogenic calcite clasts –> calcite/calcitic bioclasts. What type of bioclasts? Can you give 
some examples? Are they fragmented? What happens with bioclasts in uncemented areas? 

We changed it to “calcitic bioclasts”. We also added that ammonites, bivalves, and 
belemnites are common in the Lindemans Bugt Fm.  

Line 206: Specify that the vein in the transfer zone is developed in the basement 

 We specified this. 

Line 233: specify that this basement vein is the one developed in the transfer zone. 

 We specified this.  

Value for G9 cem is different in the text and in table 1. 

 Well spotted! Thanks! We corrected it (the one in the table and figure is the correct age). 

Line 355: is it possible that the temperature is correct? Sample G34 is located in the transfer zone 
between two normal faults. These setting are preferential paths for upward migration of 
hydrothermal fluids. 

Yes, this is certainly possible, but as explained in the text we unfortunately cannot validate it. 
We rewrote this sentence to clarify that this possibility exists.  

Line 364: patters –>patterns 

 Corrected 

In section 5.3 and 5.4 add ‰or ‰at your values. 

 We added ‰ to all concerned values.  

Line 455: solidified –>lithified 

 Corrected 

Table 3: young veins –> Hangingwall Eocene veins. 

 Corrected  

Table 3: are you sure that G34 has all the elements below the detection limit? It’s surprising, I have 
never seen that before … Is it not a technical problem? 

G-34 was measured in the same run with the other samples and treated the same way during 
preparation, so we see no reason to question this data. 
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Abstract. In marine rift basins, rift-climax deep-water clastics
:::::
(>200

:::
m) in the hanging wall of rift- or basin-bounding fault

systems are commonly juxtaposed against crystalline basement
:::::::::
‘basement’ rocks in the footwall. Displacing

:
A
:::::::
distinct

::::::
feature

::
of

::::
such

::::
fault

:::::::
systems

::
is

:::::::
therefore

:::
the

:::::::::::
juxtaposition

::
of
::::::::

relatively
:
highly permeable, unconsolidated sediments against

::::::::
relatively

low-permeable rock distinguishes these faults significantly from others displacing hard rock
::::::::
basement

:::::
rocks. Due to limited

surface exposure of such fault zones, studies elucidating their structure and evolution are rare. Consequently, their impact on5

fluid circulation,
:
and in-fault, near-fault, and hanging wall sediment diagenesis

::::::::
diagenesis

::::::
within

:::
and

::::::::
proximal

::
to

::
the

:::::
fault

::::
zone

::
as

::::
well

::
as

:::
into

:::
the

:::::::
hanging

::::
wall

:::::
strata are also poorly understood. Motivated by this, we here investigate a well-exposed strand

of a major basin-bounding fault system in the East Greenland rift system, namely the Dombjerg Fault which bounds the Wol-

laston Forland Basin, NE Greenland. Here, Upper Jurassic and Lower Cretaceous syn-rift deep-water clastics are juxtaposed

against Caledonian metamorphic basement.10

Previously, a ∼1 km-wide zone of increased
:::::::
pervasive

::::::::::
pore-filling

:
calcite cementation of the hanging wall sediments along

the Dombjerg fault core was identified (Kristensen et al., 2016). Now
::
In

:::
this

:::::
study, based on U-Pb calcite dating, we are able

to show that cementation and formation of this
::::::::::
cementation zone started during the rift climax in Berrisian/Valanginian times.

Using clumped isotope analysis, we determined a cement formation temperature
::::::
cement

::::::::
formation

:::::::::::
temperatures

:
of ∼30–70˚C.

Temperatures likely do not relate to the normal geothermal gradient, but to elevated fluid temperatures of upward directed
:::
The15

:::::
spread

::
in

:::
the

:::::::::
formation

:::::::::::
temperatures

:
at
:::::::
similar

::::::::
formation

:::
age

:::::::
indicate

:::::::
variable

::::
heat

::::
flow

::
of

:::::::
upward

::::
fluid circulation along the

fault
::
in

:::
the

:::::::
hanging

::::
wall

:::::::::
sediments,

:::::
which

::::
may

::::
root

::
in

::::::::::
permeability

:::::::::
variations

::
in

:::
the

::::::::
sediments.

Vein formationwithin
:::::
Calcite

::::
vein

:::::::::
formation,

::::::::::
post-dating

:::
and

::::::::
affecting the cementation zone

:
, clusters between ∼125–100 Ma

in the post-rift stage, indicating that fracturing in the hanging wall is not directly related to the main phase of activity of the

adjacent Dombjerg Fault. Vein formation temperatures are interpreted to reflect a shallow burial depth of the hanging wall20

1



deposits and range between
::::
with ∼30–80˚C

::
in

::
a

::::::
similar

:::::
range

::
as

::::::
cement

:::::::::
formation

:::::::::::
temperatures. Further, similar minor el-

ement concentrations of veins and adjacent cements argue for diffusional mass transfer into fractures, which in turn infers a

subdued fluid circulation and low permeability of the fracture network. These results imply that the cementation zone formed a

near-impermeable barrier quickly
::::
soon after sediment depositionand maintained this state

:
,
:::
and

:::
that

::::
low

:::::::
effective

::::::::::::
permeabilities

::::
were

:::::::::
maintained

::
in
:::

the
:::::::::::

cementation
::::
zone

:
even after fracture formation,

::::
due

::
to

::::
poor

:::::::
fracture

::::::::::
connectivity. We argue , that the25

existence of such a cementation zone should be considered in any assessments that target basin-bounding fault systems for, e.g.,

hydrocarbon, groundwater, geothermal energy, and carbon storage exploration. Our study highlights that the understanding of

fluid flow properties as well as fault-controlled diagenesis affecting the fault itself and/or adjacent basinal clastics is of great

fundamental and economic importance.

30

1 Introduction

During rifting and continental breakup, the rift border fault systems that develop may reach lengths of more than hundred

kilometers, and accumulate vertical displacements of several kilometers (e.g., Morley, 1995; Ebinger et al., 1999; Whipp et al.,

2014). Such fault systems, often guided by pre-existing basement structure (e.g., Ring, 1994; Corti et al., 2007; Salomon et al.,

2015; Phillips et al., 2016; Rotevatn et al., 2018), generally exert strong controls on rift geometry, basin physiography, accom-35

modation, and routing of syn-rift sedimentary systems (e.g., Gawthorpe et al., 1994; Sharp et al., 2000). A main character of

these fault zones is their significant displacement
::
the

:::::::::::
juxtaposition

:
of clastic syn-rift sediments against crystalline basement

rock (e.g., Gawthorpe and Leeder, 2000).

Lithology plays an important part in the evolution of fault systems, especially in concert with fluid flow (Indrevær et al., 2014)

. The interaction between lithology, deformation, and fluid flow has attracted numerous studies since the proposition of the40

seismic pumping mechanism where seismic faulting triggers hydrothermal fluid injection through the fault core (Sibson et al., 1975)

. Research covers fault zones hosted by igneous (e.g., Mitchell and Faulkner, 2012), metamorphic (e.g., Wibberley and Shimamoto, 2003)

, carbonate (e.g., Smeraglia et al., 2016), mature sedimentary rocks or uncemented sediments
:::
The

::::::::
influence

::
of

:::
rift

::::::
border

:::::
faults

::
on

::::
fluid

::::
flow

::::
and

::::
wall

::::
rock

:::::::::
diagenesis

:::
has

::::
only

::
to

::
a

::::::
limited

::::::
degree

::::
been

::::::
studied

:
(e.g., Pei et al., 2015, and references therein;

Williams et al., 2015; Hollis et al., 2017). It has been shown that faults may serve as significant conduits (Hollis et al., 2017) or45

as baffles to fluid circulation (Rawling et al., 2001; Pei et al., 2015). Further, faults may comprise an initial high permeability

due to intense fracturing and later become impermeable in consequence of veining (Cox, 1995). At the same time, the fault

core may experience a different or even a contrasting permeability evolution than the damage zone surrounding the fault

core (Sheldon and Micklethwaite, 2007; Indrevær et al., 2014). Studies on syn-rift border faults displacing crystalline and/or

metamorphic rocks against clastic sediments have contributed to a lesser degree to the understanding of the interaction of faults50

and fluids,
:::::::::::::::
Hollinsworth et al.,

:::::
2019

:
,
:::
and

::::::::::::::
Kristensen et al.,

:::::
2016,

:::::
being

:::::::
notable

::::::::::
exceptions),

:
which may primarily root in the

limited exposure of such fault zones(e. g., Hollinsworth et al., 2019, and Kristensen et al., 2016, being notable exceptions).
:
. In

such settings, there is a significant permeability contrast from footwall to hanging wall: the crystalline- / metamorphic footwall

2



is commonly
::::::::
relatively

::::::::::::
low-permeable

:::
or

::::
even

:
near-impermeable, whilethe unconsolidated ,

::
in

::::::::
contrast,

:::
the

:::::::::::::
unconsolidated

:::::
clastic

:
sediments in the hanging wall are highly

::::
may

::
be

::::::::
relatively

:::::
more

:
porous and permeable. Therefore, whereas fluid cir-55

culation mainly occurs in fractures in the crystalline “basement” footwall, large fluid volumes can
:::
may

:
potentially circulate

through the pore space in the clastic hanging wall strata.

At the Dombjerg Fault in NE Greenland (Fig. 1), Kristensen et al. (2016) showed that a ∼1 km-wide envelope of calcite ce-

ment (termed “chemical alteration zone”) formed in the hanging wall along the fault, which strongly argues for a significant

influence of the fault on diagenesis of the adjacent sediments
::
the

:::::::::
diagenetic

::::::
imprint

::::::::
affecting

:::
the

:::::::
hanging

::::
wall

:::::::
clastics

::
in

:::
the60

::::::::
proximity

::
of

:::
the

::::
fault. This is an important observation, as the calcite cementation transforms the sediments from an unconsol-

idated to a consolidated state. This in turn changes the mechanical properties of the hanging wall rock, and affects how later

deformation is accommodated: while deformation bands would form
::::::
formed

:
in the damage zone within porous, non-cemented

clastics, fractures form in
::::::
discrete

:::::::
fractures

:::::::
formed

::
in

:::
the

:
low- to non-porous cemented clastics

:::::::::::::::::::
(Kristensen et al., 2016). It

also significantly affects the permeability of the hanging wall clastics
::::::::
sediments: where porous and non-cemented, fluids flow65

:::
may

::::
flow

::::::::
relatively

:::::
freely

:
through open pore spaceand ,

:
with flow being hampered only by deformation bands; however, where

the clastics have low- to no porosity due to cementation, fluid flow becomes increasingly dependent on open fractures in an

otherwise impermeable cemented sedimentary rock.

Hence, the identification of such a zone of enhanced cementation has important implications for the evaluation of near-fault dia-

genesisand for the ,
::::
fluid

::::
flow

:::::::::
properties,

::::
and

::
for

:
understanding of the linked deformational, diagenetic and fluid flow history of70

a fault zone. The fact that near-fault diagenesis significantly
::::::::::
substantially

:
impacts flow properties , makes it economically sig-

nificant , and highly relevant in, e.g., the exploration and exploitation of groundwater, hydrocarbon and geothermal resources,

and for subsurface carbon storage sites. However, at present, fault seal analyses in reservoirs mostly rely on juxtaposition seals

::::
used

::
in,

::::
e.g.,

::::
the

::
oil

::::
and

:::
gas

::::::::
industry

:::
rely

:::::::
mostly

::
on

:::
the

::::::::
analysis

::
of

:::
the

:::::::::
probability

::::
for

:::::::::::
juxtaposition

:::
seal

:
and shale smear,

neglecting the effect of a cementation zone
::::::::
diagenetic

:::::::
sealing

::::::::::
mechanisms

:
(e.g., Sperrevik et al., 2002; Yielding et al., 2010;75

Karolytė et al., 2020).

In this contribution, we aim to further elucidate the formation of cementation zones along syn-rift border faults. To do this, and

building on Kristensen et al. (2016), we here investigate the evolution of the well-exposed cementation zone of the Dombjerg

Fault in the Wollaston Forland of NE Greenland, where we combine the analysis of (i) field and microstructural observations,

:
(ii) cement and vein formation temperatures based on clumped isotope analysis,

:
(iii) cement and vein formation ages based on80

U-Pb calcite dating, as well as
:
(iv) minor element compositions of cements and veins based on electron microprobe analysis.

We demonstrate that the cemented envelope formed soon after the deposition of rift-climax sediments at shallow burial depths,

with vein formation occurring predominantly in the post-rift stage. We also show that even after fracturing, the cemented enve-

lope formed an effective seal
:::::::
retained

:::
low

::::::::
effective

:::::::::::
permeabilities

::::
due

::
to

::::
poor

:::::::
fracture

:::::::::::
connectivity,

::::
thus

:::::::
forming

:
a
:::::::::
long-lived

:::::
barrier

:::
for

::::
fluid

:::::
flow. The results offer a unique insight into near-fault diagenesis associated with major basin-bounding fault85

systems in rifts, showcasing the interplay of tectonic and diagenetic processes.
::::::::::
deformation,

::::
fluid

::::
flow

::::
and

:::::::::
diagenesis.
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2 Geological Setting

The study area is located in the Wollaston Forland in NE Greenland and forms part of the East Greenland Rift System (Fig. 1).

This rift system has experienced a long-lived extensional history since the late Paleozoic that eventually resulted in the opening90

of the North Atlantic in the Paleocene–Eocene (e.g., Larsen and Watt, 1985; Surlyk, 1990; Stemmerik et al., 1991)
:::::::
followed

::
by

:::::::
regional

:::::
uplift

::
of

:::
up

::
to

:::::::
several

:::::::::
kilometers

::
in

:::::::::
Ceonozoic

:::::
times

:::::::::::::::::::::::::::::::::::::::
(Christiansen et al., 1992; Thomson et al., 1999). Onshore,

the East Greenland Rift System is exposed along ∼600 km where a major right-stepping rift-bounding fault system displaces

Permian to Cretaceous syn-rift sedimentary rocks against Caledonian metamorphic and crystalline basement (Fig. 1a). In the

Wollaston Forland, this rift-border fault system is marked by the ∼25 km long Dombjerg Fault with an approximately 3 km95

vertical throw (Fig. 1b,c; Surlyk and Korstgård, 2013). Activity of the Dombjerg Fault presumably started in the Mississippian

and the fault was repeatedly active prior to the onset of the main rift phase in the Middle Jurassic (Rotevatn et al., 2018). To

the North, the fault connects with the Thomsenland Fault through a ∼10 km-wide transfer zone.

The footwall block west of the Dombjerg Fault (referred to as the Clavering Block; Fig. 1c) comprises Caledonian migmatite

gneisses, pegmatites, amphibolites, felsic gneisses, mafic and ultramafic rock
::::
rocks

:
(Surlyk, 1978; Kristensen et al., 2016).100

East of the fault in the Wollaston Forland, the earliest sediments deposited, though not directly exposed along the fault, are

of Permian age and constitute dolomites, carbonates , and anhydrites
:::::::::
carbonates

:::
and

:::::::::
evaporites

:
(Fig. 1b; Surlyk et al., 1986;

Surlyk and Korstgård, 2013). These deposits are overlain by
:
a
:::::::::
succession

::
of

::::::
Upper

:::::::
Jurassic

::
to

:::::
Early

::::::::::
Cretaceous

:::::::::
rift-related

::::::::
sediments,

::::::
which

::
is

:::::::::
subdivided

::::
into

:::
(i) early syn-riftmarine sediments of the

:
,
:::
(ii)

:::
rift

::::::
climax,

::::
and

:::
(iii)

::::
late

:::::::
syn-rift

:::::::
deposits

:::::
(sensu

::::::::::::::::::
Surlyk and Korstgård

:
,
::::
2013

:
;
:::::
early

::::::
syn-rift

:::::::
broadly

:::::::::::
corresponds

::::
with

:::
the

:::::
term

::::
’rift

::::::::
initiation’

::::::
sensu

::::::
Prosser

:
,
:::::
1993

:
).105

::::
Early

:::::::
syn-rift

::::::
marine

:::::::::
sediments

:::
are

::
of

:
Middle to Upper Jurassic

::
age

:
(Fig. 1b) and constitute mainly shallow marine sand-

stone (Pelion Formation), alternating thin mudstone and marine sandstone (Jakobsstigen Formation), and marine heterolith

and mudstone with sandstone turbidites
:::::::::
heterolithic

:::::::
deposits

:::
of

::::::
marine

::::::
origin,

::
as

::::
well

::
as

::::::::::
alternating

::::::
basinal

:::::::::
mudstones

::::
and

:::::::
turbidite

:::::::::
sandstones (Bernbjerg Formation; Surlyk and Korstgård, 2013).

Exposed sedimentary rocks in the hanging wall (referred to as the Kuppel-Kuhn Block, Fig;
:::
fig. 1c) of the Dombjerg Fault are110

of Late Jurassic to Early Cretaceous age (Tithonian – Hauterivian), and are mostly sandstones and conglomerates that strati-

graphically belong to the up to 3 km-thick Wollaston Forland Group (e.g., Surlyk, 1984). The sediments
::::
were derived from

footwall erosion and were deposited by gravity flows in a fully submarine environment during the rift climax and late syn-rift

phases (e.g., Surlyk, 1978, 1984; Henstra et al., 2016). The Wollaston Forland Group is divided into the rift climax succession

of the Lindemans Bugt Formation (mid Volgian–late Ryazanian, i.e. ∼148–147 Ma) and the late syn-rift succession assigned115

to the Palnatokes Bjerg Formation (latest Ryazanian–early Hauterivian; Surlyk, 1984; Surlyk and Korstgård, 2013; Henstra

et al., 2016). This study only pertains to the rift-climax deposits of the Lindemans Bugt Formation.

The Lindemans Bugt Formation consists mainly of conglomerates and sandstones that form a clastic wedge bounded to the

west by the Dombjerg Fault, extending 10–15 km eastward into the basin before it gradually thins across the tilted crest of the

hanging wall block (Fig. 1c). Close to the basin-bounding border fault, the hanging wall clastic succession is ∼2 km thick with120

strata dipping at 10–15° towards the basin axis to the east (Surlyk and Korstgård, 2013; Henstra et al., 2016). Further basin-
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ward, the thickness of the succession decreases and the inclination eases
:::::::
decreases

:
with strata being more sub-horizontal. On

the adjacent dip-slope of the hanging wall block, the strata display gently dips up to 6° towards the basin axis to the west

(Surlyk and Korstgård, 2013; Henstra et al., 2016). Collectively, the thickness and dip variations reflect the asymmetric geom-

etry of the basin, which is typical of basins developing from fault block rotation (e.g., Gawthorpe and Leeder, 2000). Thus,125

it is reasonable to assume that the basin was deepest close to the border fault, offering available accommodation for a thick

succession of gravity flow deposits to accumulate (Surlyk, 1984; Henstra et al., 2016).

Within a ∼2 km-wide zone along the fault, the Lindemans Bugt Formation hosts
::::::::
brecciated

:::::
clasts

:
up to several meters wide,

brecciated clasts consisting of metamorphic and crystalline basements rocks, and unsorted boulder to gravel-size conglomerate

beds with average thicknesses exceeding 3 m. Some of the thicker conglomerate beds extend far into the basin (Henstra et al.,130

2016). Further basin-ward, amalgamated conglomerate–sandstone packages give way to normally graded, gravelly sandstone

and sandstone beds with tabular geometries (Henstra et al., 2016). Normally-graded, fine-grained sandstone beds alternating

:::::::
alternate with thin mudstone beds to form heterolithic sheet-like units (Henstra et al., 2016) ,

:::
and

:
typically occur in fault-distal

locations, but locally also occur intercalated with the coarse clastics in close proximity to the fault.

The Dombjerg Fault dips ∼65° to the ENE (Kristensen et al., 2016) and has an estimated maximum throw of ∼3 km to the135

base of the rift (Surlyk and Korstgård, 2013). Within a zone of ∼200 m width, located in basement rock, the fault consists of

multiple fault core strands comprising fault gouge and intense brecciation (Kristensen et al., 2016). The footwall damage zone

is ∼600 m wide comprising veins, fractures, and minor faults at increasing quantity
::::::
density towards the fault (i.e. from 4 joints

and 1 vein per meter outside the damage zone to >50 joints and 20–30 veins per meter near the fault core; Kristensen et al.,

2016). In the hanging wall, the sedimentary rock of the Lindemans Bugt Formation is characterized by intense
:::::::
pervasive

:
calcite140

cementation extending approximately 1 km into the basin. Calcite veins cut through the cemented rock and are overprinted by

joints. Their quantity increases from zero joints and veins per meter outside the damage zone to 7 joints and veins per meter

near the fault zone (Kristensen et al., 2016).

3 Methodology145

This study is based on field analyses and samples taken during a 10-day field season in August 2018, supplemented with
::
by

:
sam-

ples collected in an earlier field season in 2014. Outcrops were chosen by accessibility and were mostly confined to the hanging

wall of the Dombjerg Fault as snow fields covered the footwall. Thin sections of samples
:
In

:::::
total,

::
35

::::::::
polished

::::
thin

:::::::
sections

::::
were

:::::::
prepared

:::
of

:::::
which

:::
21

::::::::
comprise

::::
only

:::::::::
Lindemans

:::::
Bugt

:::::::::
Formation

::::::::
sediments

:::
(9

::
of

:::::
these

:::
are

::::
from

:::::::::::::::::::
carbonate-uncemented

:::::::::
sediments),

::
9

:::::::
comprise

::::
both

:::::::::
cemented

:::::::
sediment

::::
and

::::
vein

:::::::
material,

:::
and

::
5
::::
only

::::
vein

:::::::
material

::
(3

::::
with

:::::::
hanging

::::
wall

:::::
veins,

:
1
:::::
from150

::::
fault

::::
rock

:::::
veins,

:
1
:::::
from

::::
vein

::
in

::::::::
basement

::::::
located

::
in

:::
the

:::::::
transfer

:::::
zone;

:::
Fig.

:::
2).

:::
The

::::
thin

:::::::
sections

:
were analyzed through optical

microscopy, scanning electron and SEM cathodoluminescence microscopy on a Zeiss Supra 55VP, cold-cathode cathodolu-

minescence on a Technosyn 8200 Mk II, and Raman spectroscopy on a Horiba LabRAM HR. 30 thin sections of samples

from the Lindemans Bugt Formation have been analyzed regarding their diagenetic character. 18 of these samples derive
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from the cementation zone, 3 samples from the carbonate-cemented lenses outside the cementation zone, and 9 samples from155

(carbonate-) uncemented sandstone (Fig. 2).

U-Pb analysis for calcite dating was performed at FIERCE (Frankfurt Isotope & Element Research Center), Goethe-University

Frankfurt, with a RESOLution 193 nm ArF excimer laser (CompexPro 102) equipped with a two-volume ablation cell (Lau-

rin Technic S155) coupled to a sector field ICP-MS (ElementXr, ThermoScientific). Before the analysis, the samples were

screened, to find suitable areas for further analysis. This was successful on five calcite cement samples and 12 calcite vein160

samples, with a total of 25 vein growth phases, of the Lindemans Bugt Formation
:::
(we

::::
note

::::
that

:::
we

:::
use

:::
the

:::::
term

::::::::
“cement”

:::::::::
exclusively

:::
for

::::::::::
pore-filling

:::::
calcite

::::
and

:::
not

:::
for

::::
vein

::::::
calcite

:::::::::
throughout

::::
this

::::::
paper). Calcite vein samples of the basement and

near the fault core did not provide appropriate U and Pb signals. Full details of the U-Pb analysis are described in the supple-

ments. All uncertainties are reported at the 2σ level.

Clumped isotope analysis was conducted on 11 carbonate vein (10 calcite, 1 dolomite) and five calcite cement samples. In165

two calcite veins, two growth generations were analyzed (samples G-10 and G-36). Of the 11 vein samples, eight derive from

the hanging wall sedimentary rock of the Lindemans Bugt Formation, two from brecciated basement rock close to the fault

core, and one from basement rock in the transfer zone between the Dombjerg and Thomsenland Fault (Fig. 2). Hanging wall

vein samples were chosen to spatially cover the cementation zone as best as possible. The selection of cement samples was

guided by the feasibility of mechanically separating sufficient cement from the rock, which was successful on five samples.170

Four of these cement samples are from within the cementation zone and one (H-5) from an isolated cemented layer outside the

chemical alteration
::::::::::
cementation zone.

Clumped isotope analysis was performed
:
at

:::
the

::::::::::
Department

::
of

:::::
Earth

::::::::
Science,

::::::::
University

:::
of

:::::::
Bergen, on a Thermo Fisher Sci-

entific MAT-253 Plus isotope ration mass spectrometer coupled to a Thermo Fisher Scientific Kiel IV carbonate preparation

device, where samples are reacted individually with phosphoric acid at 70°C. For each sample, 13–14 replicate measurements175

were performed, spread over 6 months. Results were pressure-baseline corrected (Bernasconi et al., 2013; Meckler et al., 2014)

and transferred into the absolute reference frame (Dennis et al., 2011) using carbonate standards (ETH 1-3) measured along-

side the samples, employing their accepted values determined by Bernasconi et al. (2018). All data processing was performed

with the Easotope software (John and Bowen, 2016). For further details of the method, see Piasecki et al. (2019) or Meinicke

et al. (2020). The clumped isotope analysis also yields oxygen and carbon isotope values for each replicate, which have been180

corrected for drift using the same carbonate standards, with a two-point scale correction ("stretching") applied to δ18O results.

Clumped isotope results (∆47) were averaged by sample and formation temperatures were calculated after Kele et al. (2015),

using the updated version from Bernasconi et al. (2018), for calcite samples and after Müller et al. (2019) for dolomite samples.

For the calculation, we neglected replicates whose ∆47 value deviated from the sample average by 3x the standard deviation

of the standards, which in total affected only one replicate. As clumped isotope temperatures are determined independently185

of fluid isotopic composition, the results can be used in combination with the measured oxygen isotopic values (carbonate

δ18OVPDB) to calculate fluid δ18OVSMOW. For calcite samples, fluid δ18OVSMOW was calculated after Kim and O’Neil (1997,

updated with fractionation factor of 1.01025), and for dolomite samples the calibration of Horita (2014) was used. All un-

certainties are presented at the 95 % confidence interval. The uncertainty for fluid δ18OVSMOW is given from the uncertainty

6



propagation using the 95 % confidence intervals of the clumped isotope temperature and carbonate δ18OVSMOW and calculated190

as√(
∂fluid18O

∂T
·∆T

)2

+

(
∂fluid18O

∂carb18O
·∆carb18O

)2

(1)

Electron microprobe analysis for minor element concentrations (Mg, Fe, Mn, Sr) of calcite veins and cements was conducted

on a Cameca SX100 at accelerating voltage 15kV, beam current 10nA, counting time on peak 20s, and total counting time on

background 20s. Detection limits were 300 ppm (Mg), 540 ppm (Fe), 630 ppm (Mn), and 420 ppm (Sr). For each analyzed195

vein generation 10 points were measured, and 20 points for cements as the latter has shown a larger variability in element

concentrations.

4 Results

4.1 Cementation zone and diagenetic character of hanging wall sediments200

The cementation zone forms an envelope of variable width along the Dombjerg Fault and
:
,
:::::
based

::
on

:::::::::::
investigation

::
of

:::::::::
additional

:::::::
outcrops

::
in

:::
the

::::
2018

::::
field

:::::::
season, we estimate its maximum width to be ∼1.5 km (Fig. 2), which is a bit larger than previously

assessed (∼1 km;
::::::::
estimated

::
by

:
Kristensen et al. ,

:
(2016

:
;
:::
i.e.

:::
∼1

:::
km). Within this zone, calcite cementation is prominently

distributed and occurs in sedimentary layers of all grain sizes, while uncemented layers occur occasionally and are usually

less than 50 cm thick. At the fault-distal limit of the alteration zone,
::::::::::
cementation

:::::
zone,

:::::::::::
cementation

::
is

::::::
mainly

:::::::
confined

:::
to205

:::::::::::
conglomerate

::::
beds

::::
and

:
outcrops show cemented layers with “holes” formerly filled with now-eroded uncemented material

(Fig. 3c
::
3a). It appears that the cemented layers enclosed pockets of calcite-cement free sediments. Farther into the basin

::
to

:::
the

:::
east, calcite cement is absent in the vast majority of outcropping sediments (Fig. 3e

::
3c) and only occurs occasionally as single

isolated lenses in predominantly
:::
fine

::
to
::::::
coarse

::::
sand

:
matrix-supported conglomerates.

Calcite cement occurs as drusy spar(Fig. 4b) and in a coarse spar to poikilotopic texture (Fig. 4c). Drusy spar
::::::::::::::
micrometer-sized210

::::
spar,

:::::::
anhedral

::::::
equant

::::
spar

::::
with

:::::
crystal

:::::
sizes

::
up

::
to

::::
200

:::
µm

:::
and

::
as

:::::::::
subhedral

::::::::::
poikilotopic

:::::
calcite

::::
with

::::::
crystal

:::::
sizes

::
up

::
to

::::
800

:::
µm

:::::
(Figs.

::::
4c-f).

:::::::::
Microspar

:
is present in 11

::
12

::
of
:::
21 samples, all of which also comprise a varying amount of coarse

:::::
equant

:
calcite

spar.
::::
The

::::
latter

::
is
:::::::::

dominant
::
in

::::
four

::::::::
samples. Poikilotopic texture occurs in only two samples from within the cementation

zone
:::::::
(samples

:::::
G-9,

::::::
TKB2)

:
and in three samples from cemented lenses outside the cementation zone

::::::
(sample

:::::
H-5). Notably,

sample TBK2 hosting poikilotopic calcite derives from the same outcrop
:::
bed as sample TBK1 hosting drusy spar (Figs. 2,4b,c).215

Biogenic calcite clasts areoccasionally present in
::::::::::
dominantly

::::::::
microspar

::::::::
(samples

::::
taken

::
1
::
m

:::::
apart

::::
from

::::
each

:::::
other;

::::
figs.

:::::
4c,d).

:

:::::
Other

::::::
notable

:::::::::
diagenetic

::::::
features

::::
are:

:
•

:::::::
Feldspar

::::
grain

::::::::::
dissolution

:::::::
appears

::
in

:::::::
varying

::::::
degrees

::::
and

::
is

::::::::
generally

:::::
more

::::::::
dominant

::
in
:

the cemented samplesand show

no signs of dissolution or recrystallization. Feldspar overgrowth
:
,
:::::
where

::
it
:::

is
:::::::
partially

::::::::
replaced

:::
by

::::::
calcite

:::::::
cement.

:::::::
Feldspar

::::::::::
overgrowth

:::::::
predates

::::::
calcite

::::::::::
cementation

::::
and occurs in both cemented and uncemented samples (Figs. 4d,f),220
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but is commonly more pronounced in the latter sample suit. Feldspar grain dissolution is absent or only occurs to a

minor degree in uncemented samples. The calcite-cemented samples comprise minor to major feldspar dissolution (Figs.

4b,c), although complete grain dissolution does not occur. Quartz overgrowth has not been detected
:::::
4b,h).

:
•

:::::
Quartz

::::::::::
overgrowth

::
is

:::::
absent

:
in

::
all

:::::::
samples.

:

:
•

::::
Pyrite

::
is
::::::::
common

:::::
along

:::::
biotite

::::::
grains,

:::::
which

:::::
itself

:
is
::
a

:::::
major

:::::::::
constituent

::
of

:::
the

::::::::
sandstone

::::
(Fig.

:::
5).

::::::
Calcite

::::::
cement

::::::::::
pervasively225

:::
fills

:::::
space

:::::::
between

::::::::
separated

::::::
biotite

::::::::
lamellae.

:
•

::::::
Calcitic

::::::::
bioclasts,

::::
that

:::
are

:::::::::::
occasionally

:::::::
present

::
in

:
the samples. Quartz grain dissolution is only a minor component in

cemented samples and absent in uncemented samples (Fig. 4).
:
,
:::
are

:::::::
partially

:::::::::
fragmented

::::
and

::::
show

:::
no

::::
signs

::
of
::::::::::
dissolution

::
or

::::::::::::::
recrystallization.

:
A
::::::::
summary

:::
of

::::::
relative

::::::
timing

::
of

:::
the

::::
main

:::::::::
diagenetic

:::::::
features

::
is

:::::
given

::
in

:::::
figure

::
6.230

4.2 Vein structure and composition

In all outcrops within the cementation zone, calcite veins were found (Fig. 3b
::
3d), which have an overall NNE to NE trend

(67 veins measured in total; Fig
::
fig. 2). Outcrop surfaces were exposed in 3-D and we hence conclude that this dominant vein

trend is true and not biased by outcrop orientation. Veins exclusively occur in cemented parts of the hosting sandstone and235

single
::::::::
sandstone

::::
and

:::
are

::::::::::::
approximately

:::::::
equally

:::::::::
distributed

::
in

:::::::
outcrops

:::::
with

::::::
spacing

:::::::
varying

::
in

:::
the

:::::::::
decimeter

::
to

:::::
meter

:::::
scale

:::
and

:::
do

:::
not

::::
form

:::::::
clusters.

::::::
Single

:
vein thicknesses span from <1–70 mm .

:::
and

:::::
veins

::::::
appear

::
as

:::::
mode

:
I
::::::::
fractures,

::::
i.e.

:::::::
possible

::::
shear

:::::::::::
displacement

::
is

::::
only

::::::::
observed

::
in

:
3
::
of
:::
14

:::::::
samples.

:::
In

::
all

:::::
cases,

:::
the

:::::
veins

::::
have

:
a
:::::
sharp

::::::
contact

:::::
with

::
the

::::
wall

:::::
rock,

:::
i.e.

::::
wall

::::
rock

:::::
grains

:::
are

:::
cut

:::
by

:::
the

:::::::
fracture

::::
(Fig.

:::
7).

:::
All

::::::::
analyzed

::::
veins

::::::
exhibit

::
at
:::::

least
:::
one

:::::::::
generation

::
of

::::::::
elongate

::
to

::::::
blocky

::::::::
syntaxial

:::::
crystal

:::::::
growth. Two thirds of the analyzed veins comprise two or more vein growth generations, indicated by either crack-seal240

texture (i.e. precipitation after reopening of fracture) or growth zonation,
::
as

::::::
visible

::
in

::::
thin

::::::
section

::::
view

:
(Figs. 5a

::
7a,b).

::::::
Calcite

::::
twin

::::::
density

::
is

::::::::
generally

:::
low

:::
and

::::
slip

:::::
zones

::::::
within

::::
veins

:::
are

:::::
found

::
in
:::::
three

:::::::
samples.

:

Near the fault core within brecciated basement rock, two vein generations were identified: a
:::::::
syntaxial

:
dolomite vein network

that is cross-cut by a younger
:::::::
syntaxial

:
calcite vein network (Fig. 3a). The dolomite network is prominently visible and com-

poses of continuous, anastomosing veins of varying thicknesses up to 30 mm
::::
wide

:
(Figs. 3a, 5e

::
3e,

:::
7e). The younger calcite245

vein network consists of planar veins with thicknesses of ∼1–5 mm (Fig. 3a) and fills voids within the dolomite veins as well

:::
3e)

:::
and

::::
also

::::::::
envelopes

:::::::
dolomite

::
in
:::
the

::::::
center

::
of

::::::::::::
dolomite-filled

::::::::
fractures (Fig. 5f). As far as visible, the

:::
7f).

::::
The dolomite veins

are not displaced/offset by the calcite veins and the latter are as well not displaced by any other fracture set. In the transfer zone,

connecting the Dombjerg and Thomsenland faults (Fig. 2), only one calcite vein was found in a shear fracture that reactivated

an older epidote vein
:::::::
situated

::
in

::::::::
basement

::::
rock.250
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4.3 Ages of calcite cements and veins

We determined formation ages of five cement samples and 12 vein samples within the sediments of the Lindemans Bugt For-

mation (Table 1, fig. 6
:
8). As some veins comprise more than one growth generation, as evident by zoning or fracture re-opening

:::
(see

::::::
section

::::
4.2), we obtained a total of 25 growth ages of the 12 vein samples. Age determination of veins within the basement255

and fault core were not successful due to unsuitable U and Pb signals.

Three cement ages fall within the previously reported depositional age of the Lindemans Bugt Formation
::::
(mid

:::::::
Volgian

:
–
::::
late

:::::::::
Ryazanian;

:::::::
Surlyk,

:::::
2003)

:
or close to its depositional age boundary with the Palnatokes Bjerg Formation

::::
(late

:::::::::
Ryazanian

::
–

::::::::::
Hauterivian)

:
with 150.6 ± 9.3 Ma (G-36cem), 143.7 ± 6.5 Ma (TBK1cem), and 139.4 ± 4.9 Ma (G-38cem). The ,

:::::
while

:
two

other cement ages are significantly younger with 103.3 ± 2.6 Ma (TBK2cem) and 102.9
::::
104.1

:
± 3.7

::
1.7

:
Ma (G-9cem)and most260

likely reflect calcite recrystallization ages (see discussion chapter 5.1). Of the vein samples, only one falls within the inferred

rift stage with 139.3 ± 3.4 Ma (G-10 v1), while the majority of vein ages (both initial formation ages and vein reopening ages)

fall within a range of ∼125–90 Ma (Fig. 6
:
8). Two vein ages are significantly younger with 50.1 ± 2.1 Ma (G-7) and 49.4 ±

2.1 Ma (G-2), closely post-dating early Eocene plateau basalt extrusion and the onset of continental breakup (Fig. 6
:
8).

265

4.4 Clumped isotope temperatures of calcite cements and veins

Clumped isotope temperatures of five
:::::::::
pore-filling

:
calcite cement samples were obtained. Temperatures from TBK1cem and the

recrystallized TBK2cem, which derive from the same outcrop, are 42.0 ± 10.2˚C and 59.0 ± 9.1˚C, respectively. G-25cem,

sampled at a similar distance to the main fault core, has a clumped isotope temperature of 42.4 ± 8.8˚C, G-36cem at the distal

margin of the cementation zone has 56.6 ± 10.9˚C, and H-5cem, located well into the basin, has 44.5 ± 9.0˚C (Table 2, Fig
::
fig.270

2).

Clumped isotope temperatures of hanging wall veins fall into the range of 36.3 ± 9.4˚C (G-36 v1) and 77.6 ± 10.1˚C (G-22). In

the two samples of which two vein generations were analyzed, a temperature increase exists from old to young vein phase (i.e.

G-36 from 36.3 ± 9.4˚C to 58.2 ± 14.1˚C and G-10 from 40.3 ± 7.1˚C to 61.5 ± 10.5˚C; Table
::::
table 2, fig. 5a

:
7a). However,

taking all samples, including cement samples, into consideration, no clear trend in temperature evolution with time
::::::::::
relationship275

:::::::
between

::::::
calcite

:::::::::
generation

:::
and

::::::::::
temperature

:
is visible (Fig. 7a

::
9a), which is also true for the relationship of temperature and

distance to the fault core (Fig. 7b
::
9b). The clumped isotope temperature of the basement vein sample G-34

:
,
::::::
located

:::
in

:::
the

::::::
transfer

:::::
zone,

:
yields 128.7 ± 19.1˚C. Near the fault core in

::
the

:
brecciated basement, the clumped isotope temperature of the

younger calcite vein (TBK9cal)
:::
that

:::::::::
cross-cuts

:::
the

:::::::
dolomite

::::
vein

:::::::
network

:
falls with 68.8 ± 10.9˚C into the range of hanging

wall vein temperatures. The older dolomite vein sample TBK9dol diverges from this pattern with a higher temperature of 106.5280

± 11.9˚C (Fig. 5f;
::
7f;

:::::
table

::
2).

:

4.5
::::::

Oxygen
::::
and

::::::
carbon

::::::
stable

::::::
isotope

::::::
values
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::::::::
Carbonate

:::::::::
δ18OVPDB :::::

values
::::::

range
::::
from

:::::
-11.3

::
±

::::
0.09

:::
‰

::
to

::::
-6.1

::
±

::::
0.05

:::
‰

:::
for

:::::::
cements

:::
and

:::::
from

:::::
-12.8

::
±

::::
0.05

:::
‰

::
to

::::
-4.1

::
±

::::
0.09

::
‰

:::
for

::::
most

:::::::
hanging

::::
wall

:::::
veins,

::::
with

:::
the

::::::::
exception

::
of

::::
vein

::::::
sample

::::
G-7

::::
with

:::::
-21.4

::
±

::::
0.12

::
‰

:
(Table 2).

:::
The

::::::::
basement

::::
vein285

::::::
sample

::::
G-34

:::::::::
comprises

:::::
-18.0

::
±

::::
0.04

:::
‰

:::
and

:::
the

::::
two

::::
fault

::::
core

::::
vein

:::::::
samples

::::
have

::::::
values

::
of

:::::
-15.3

::
±

::::
0.33

:::
‰

:::::::::
(TBK9dol)

::::
and

::::
-11.7

::
±

::::
0.05

:::
‰

:::::::::
(TBK9cal).

:::
The

:::::::::
calculated

::::
fluid

::::::::::
δ18OVSMOW:::::

values
:::::
range

:::::
from

:::
-4.3

::
±
:::
1.9

:::
‰

::
to

::::
-0.2

::
±

:::
1.6

::
‰

:::
for

:::::::
cements

:::
and

::::
-3.0

::
±

:::
1.7

:::
‰

::
to

::::
+1.9

::
±

:::
2.3

::
‰

:::
for

:::::::
hanging

::::
wall

:::::
veins,

:::::
while

::::::
sample

::::
G-7

:::::::
deviates

::::::::::
significantly

:::::
from

:::
this

:::::
suite

::::
with

::::
-13.7

::
±
::::

1.5
::
‰

::::
(Fig.

:::
9c;

:::::
Table

:::
2).

::::
The

::::::::
basement

::::::
sample

::::
G-34

:::
as

::::
well

::
as

:::
the

::::
vein

::::::
calcite

::::::
sample

::::::::
TBK9cal

::::
also

:::
fall

:::
into

::::
this

:::::
range

::::
with

::::
-0.4

::
±

:::
2.1

::
‰

::::
and

::::
-1.8

::
±

:::
1.7290

:::
‰,

::::::::::
respectively.

::::
The

::::
older

::::
vein

::::::::
dolomite

::::::
sample

::::::::
TBK9dol

:::::
from

:::
the

::::
fault

::::
core

:::::::
appears

::
to

::::
have

::::::::::
precipitated

:::::
from

::
an

::::::::
enriched

::::
fluid

::
of

:::::
+16.2

::
±

:::
1.6

:::
‰.

:

::::::::
Carbonate

:::::::::
δ13CVPDB :::::

values
::::::

range
::::
from

:::::
-18.2

::
±

:::
0.3

:::
‰

::
to

::::
-9.7

::
±

:::
0.8

:::
‰

:::
for

:::::::
cements

::::
and

:::::
-23.5

::
±

:::
0.5

:::
‰

::
to

:::::
-11.3

::
±

:::
0.1

:::
‰

::
for

:::::::
hanging

::::
wall

:::::
veins

::::
(Fig.

:::
9c;

:::::
Table

:::
2).

:::
The

:::::::::
basement

:::
and

::::
fault

::::
core

:::::::
samples

:::::
differ

::::::::::
significantly

:::::
from

::::
these

::::::
values

::::
with

::::
-5.5

::
±

:::
0.1

::
‰

:::::::
(G-34),

::::
-4.2

::
±

:::
0.1

:::
‰

::::::::::
(TBK9cal),

:::
and

::::
-2.2

::
±

:::
0.2

:::
‰

::::::::::
(TBK9dol).

::
In

:::::::
general,

::::
and

::::::
bearing

:::
in

::::
mind

:::
the

:::::::
limited

::::
data295

::::
base,

:::::::
samples

::
in

:::
the

:::::::
hanging

::::
wall

:::::
might

::::
show

::
a
:::::
slight

::::
trend

:::::
from

:::
low

::::::::
carbonate

:::::::::
δ13CVPDB :::

and
::::
high

::::
fluid

::::::::::
δ18OVSMOW::::::

values
::
to

:::::
higher

::::::::
carbonate

:::::::::
δ13CVPDB :::

and
:::::
lower

::::
fluid

::::::::::
δ18OVSMOW::::::

values
::::
(Fig.

::::
9c).

:::::
Also,

:::::
Also,

:
a
:::::
slight

:::::::
increase

::
in

::::
fluid

::::::::::
δ18OVSMOW::::

and

:::::::
decrease

::
in

::::::::
carbonate

:::::::::
δ13CVPDB ::::

with
::::::::
increasing

:::::::
distance

::
to
:::
the

:::::
fault

:::::
might

::::
exist

:::::
(Figs.

:::::
9d,e).

:

4.6 Minor element concentrations of cements and veins300

For the minor element concentration analysis, we studied 10 calcite cement samples, 12 hanging wall calcite vein samples, two

samples of veins from the fault core (one dolomite, one calcite vein), and one basement calcite vein sample (Table 3, Fig. 8
::
10).

As some hanging wall samples comprised multiple vein growth generations, we measured in total 22 growth generations in the

12 hanging wall samples.

Common to all samples is a Sr concentration below or close to the detection limit and will therefore be neglected in the follow-305

ing. Cements comprise element concentration averages of 2429–11862 ppm (Fe), 2866–5045 ppm (Mn), and 1152–7557 ppm

(Mg) (Table 3). Hanging wall veins yield similar averages with values of 1436–13598 ppm (Fe), 2515–6719 ppm (Mn), and

401–5180 ppm (Mg). The two Eocene-aged hanging wall veins G-2 and G-7 differ significant with Fe and Mg concentrations

being below the detection limit, and Mn concentration below detection in sample G-2, and 2390 ppm in sample G-7. The same

accounts for the basement sample G-34 with Fe, Mn, and Mg concentrations being below the detection limit. The fault core310

vein TBK9cal yields concentrations of 8342 ppm (Fe), 1435 ppm (Mn), and 887 ppm (Mg). Naturally, the older fault core

dolomite vein TBK9dol diverges from the other samples with a high Mg and Fe concentration of 112599 ppm and 24556 ppm,

respectively, and a low Mn concentration of 1219 ppm.

The comparison of veins and respective cements from the immediate wall rock within a sample shows similar Mg- and Mn-

concentrations for a majority of samples (i.e. samples G-4, G-9, G-22, G-25, and G-38; Fig. 8
:
9), which also partly accounts315

for Fe (G-4, G-25, G-38; Fig. 8
::
10). Overall, the Fe/Mn/Mg ratio is similar from cement to vein within half of the samples,

whereas concentration and ratios differ from sample to sample (e.g., compare G-25 and G-38; Fig. 8
::
10). Vein generations
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within a sample do not show significant variations in minor element concentrations (supplementary figure S2). No trends in

concentration or ratio versus time or spatial distribution are evident.

320

5 Discussion

5.1 Timing and formation environment of the cementation zone

Based on the U/Pb
:::::
U-Pb calcite cement ages of 150.6 ± 9.3 Ma, 143.7 ± 6.5 Ma, and 139.4 ± 4.9 Ma (samples G-36,

TBK1, G-38), the formation of the cementation zone in the hanging wall has likely occurred during or immediately after

the deposition of the hosting
:::
host

:
sediments of the Lindemans Bugt Formation during the rift climax (Fig. 6

:::
mid

:::::::::::
Volgian-late325

:::::::::
Ryazanian;

::::::
Surlyk,

:::::
2003;

::::
Fig.

::
8). The 150.6 Ma age of G-36 is unrealistic as it predates the Lindemans Bugt Formation, how-

ever its error margin reaches well into the time interval over which this formation was deposited (Fig. 6; e.g., Surlyk, 2003).

:::::::::::::::::::::
(Fig. 8; e.g., Surlyk, 2003)

:
.
:::
The

:::::
upper

:::::::::
formation

:::
age

::
of

:::
the

::::::::::
cementation

::::
zone

::
is

:::::::
bounded

:::
by

:::
the

:::
age

::
of

::::
vein

::::
G-10

:::
v1

::::
with

:::::
139.3

::
±

:::
3.4

:::
Ma

:::
(i.e.

:::::
close

::
to

:::
the

:::::
upper

::::
age

::::::::
boundary

::
of

:::
the

:::::::::
Lindemans

:::::
Bugt

::::::::::
Formation),

::
as

:::
the

::::
rock

:::
had

::
to
:::
be

::::::::
cemented

::
to

:::::::
provide

::
the

::::::
tensile

:::::::
strength

:::
for

:::
the

:::::::
discrete

::::::
fracture

::
to
:::::
form.

:
330

The two younger cement ages of 104.1 ± 1.7 Ma (G-9cem) and 103.3 ± 2.6 Ma (TBK2) do not reflect a second cement growth

phase, but are
:::::::::
interpreted

::
to

::
be

:
recrystallization ages, for the following reasons: In sample G-9, one vein generation is with

115.5 ± 3.1 Ma (G-9 v4) significantly older than the cement age. Based on this
::
In

::::
line

::::
with

:::
our

::::::::
argument

:::::
based

::
on

::::::
sample

:::::
G-10

::
v1

:::::
above, it is plausible that the wall rock was cemented before ∼115.5 Ma to provide the tensile strength for the

::::
allow

:::
for

::
a

discrete fracture to form. In sample TBK2, deriving
::::::
derived from the same outcrop as TBK1, the cement has a well-developed335

coarse
:::::
equant sparitic to poikilotopic texture (Fig. 4c

::
4d) with crystal sizes that exceed any other analyzed cement sample. This

type of texture has also elsewhere been interpreted as evidence for recrystallization (e.g., Saigal and Bjørlykke, 1987; McBride

and Milliken, 2006; Worden et al., 2019). A second argument for a cementation zone formation during or immediately after

deposition is the age of vein G-10 v1 with 139.3 ± 3.4 Ma, whichis close to the upper boundary (age-wise) of the Lindemans

Bugt Formation. deposition. In line with our argument based on sample
:
,
::::::
which,

::
in

::::::::::
conjunction

::::
with

:::
the

::::::
similar

:::
age

::
of

:::
the

:
G-9340

above, it is unlikely that fractures would form unless the formation was already at least partly cemented
::::::
cement,

:::::
gives

::::
rise

::
to

:::
our

::::::
similar

:::::::::::
interpretation

:::
for

:::
the

::::::
TBK2

:::::::
cement,

:::::::
although

:::
we

::::::
cannot

::::
fully

:::::::
exclude

:::
the

:::::::::
possibility

::
of
::

a
::::::
second

:::::::
cement

::::::
growth

:::::
phase.

Having established that the cementation zone formed immediately after deposition of the Lindemans Bugt Formation, its

maximum formation depth is constrained by the thickness of the remaining part of the unit above the sampled intervals. The345

litostratigraphic top of the Lindemans Bugt Formation is exposed on a ridge ∼4500 m away from the Dombjerg Fault (Fig.

2). Using a maximum depositional dip angle of 15° for fault-proximal Lindemans Bugt Formation sedimentary strata (Henstra

et al., 2016) allows to interpolate
::::::::::
interpolation

::
of

:
the top of this formation towards the fault (Fig. 9

::
11). With this approach,

we estimate a maximum thickness of the Lindemans Bugt Formation above sample TBK1cem of ∼1050 m and above sample

G-36cem of ∼750 m. These thicknesses represent maximum estimates, because the depositional slope angle of the sediments350
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decreases away from the fault. Applying an angle of 10° would for example lower the estimated thickness to 740 m and 530 m

above samples TBK1cem and G-36cem, respectively (Fig. 9
::
11). Hence, we can confidently estimate that the cementation zone

formed at a burial depth of ∼1000 m or less (compaction not accounted for).

Formation temperatures of the cements can be assessed from the clumped isotope temperatures, although their interpretation

needs to be taken with care: Calcite is subject to solid-state reordering of C-O bonds at ambient temperatures > ∼100°C, which355

affects the ∆47 composition and subsequently deviates the clumped isotope temperature from the initial formation temperature

(Passey and Henkes, 2012). For dolomite, solid-state reordering starts at ambient temperatures of ∼150°C (Lloyd et al., 2018).

It is documented that this resetting is a challenge especially for samples from sedimentary basins, where the rock may have

experienced high burial temperatures for long time periods (Henkes et al., 2014; Shenton et al., 2015). For the sedimentary

rock of the Lindemans Bugt Formation, the absence of quartz overgrowth in both calcite-cemented and uncemented sediment360

samples provides a control on the maximum burial temperature. Temperature is a critical factor on the formation of quartz

cement, which is known to start at ∼70°C and its growth rate increases significantly with increasing temperature (e.g., Walder-

haug, 1994; Lander and Walderhaug, 1999; Harwood et al., 2013).
:
,
:::::
while,

::::
e.g.,

::::
silica

::::::
supply

::
is

:::
not

:::::::
regarded

:::
as

:
a
:::::::
limiting

:::::
factor

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(e.g., Walderhaug, 1996, 2000; Lander et al., 2008; Taylor et al., 2010).

:
Therefore, we argue that the analyzed samples from

the Lindemans Bugt Formation have not been subject to temperatures above 100°C and that the clumped isotope temperatures365

reflect the formation temperatures. However, this excludes samples that were subject to recrystallization, i.e. dissolution and

reprecipitation (Eiler, 2011), as well as the basement and fault core samples, whose age/temperature history is not known.

Formation temperatures of cements are relatively high when considering their shallow formation depth
::::::
Despite

:::::
being

::::::
similar

::
in

:::
age,

:::
the

::::::
cement

:::::::
samples

:::::
show

:
a
::::::::
variation

::
in

::::::::
formation

:::::::::::
temperatures, e.g. 56.6 ± 10.9˚C for G-36cem and 42.0 ± 10.2˚

::::
10.1°C

for TBK1cem. For example, for sample G-36cem, given its formation temperature, a formation depth of 530-750 m (Fig. 9),370

and an assumed near-surface groundwater temperature of 10°C, a geothermal gradient of 73 ± 21°C/km can be calculated,

which argues for upward flow of hot fluids along the fault. Localized high geothermal gradients near faults are common

and have been reported along other fault systems, such as at the western Svalbard margin (Vanneste et al., 2005), in southern

Tuscany/Italy (Bellani et al., 2004), and along the Southern Alpine Fault Zone in New Zealand (Townend et al., 2017). The

temperature difference between samples G-36cem (
:
,
::::::
located

:::::
∼300

::
m

:::::
away

::::
from

:::
the

:::::
fault,

:::
and

:
56.6 ± 10.9°C ) and TBK1cem375

(42.0 ± 10.1°C),despite being similar in age,
::
for

:::::::::
G-36cem,

::::::
located

::::::
∼1500

:::
m

::::
away

:::::
from

:::
the

::::
fault

::::::
(Figs.

::::
9a,b;

::::::
tables

::
1,

:::
2).

::::
This indicates that fluid circulation and temperature distribution did not occur homogeneously

:::
heat

::::
flow

::::
was

::::::::::::::
heterogeneously

:::::::::
distributed in the hanging wall samples, and that highest temperatures are not necessarily found closest to the fault. This may

root in permeability variations within the hanging wall deposits, due to e.g. grain size, sorting, or onset of cementation, which

may cause local perturbation or channeling of fluid flow and advective heat transfer.
:::::::::::
Subsequently,

:::::::::
upwelling

:::
hot

:::::
fluids

:::::
along380

::
the

:::::
fault

:::::
would

::::
have

:::::::
adapted

:::::::
variably

::
to

:::
the

:::::::
ambient

:::::::::
geothermal

::::::::
gradient,

:::::::::
depending

::
on

::::
their

:::::
fluid

:::::::
pathway

:::
and

::::
flow

::::
rate.

:

The
::::::::
calculated fluid δ18OVSMOW :

of
:::
the

:::::::
cements

:::::
allow

::
to

::::::
assess

:::
the

::::
fluid

::::::
source

::::
from

::::::
which

:::
the

:::::::
cements

::::::::::
precipitated

:::::
from.

::
In

::::::
general,

:::
the

:::::
mean

::::::
marine

::::::::::
δ18OVSMOW :

is
::::::::
regarded

::
as

::
-1

::
‰

:::
for

:::
the

:::::::::
Cretaceous

:::::::::::::::::::::::::::::::::::::::::::::::
(e.g., Shackleton and Kennett, 1975; O’Brien et al., 2017)

:
.
::::::::
However,

:
it
::
is

:::::
shown

::::
that

:::
the

::::::
marine

::::
δ18O

:::
has

:::::
likely

:::::
been

::::::::::::
inhomogenous

::
in

:::
the

::::
Early

::::::::::
Cretaceous

::::
with

:::::::
reported

:::::
values

:::::::
ranging

::::
from

::::
-5.3

::
‰

::
to

::::
+1.5

:::
‰

::::::::::::::::::::::::::::::::::
(Price and Nunn, 2010; Price et al., 2020),

:::::
which

:::::::
reflects

:
a
::::::
similar

::::::
spread

::
as

::::::
shown

::
by

:::::::
modern

::::::
marine385
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::::
δ18O

::::::::::::::::::::::::::
(LeGrande and Schmidt, 2006).

::::
The

::::
fluid

::::::::::
δ18OVSMOW:

values of the cementslikely reflect ,
::::::::
spanning

::::
from

::::
-4.3

::
±

:::
1.9

:::
‰

::
to

:::
-0.2

::
±

:::
1.6

:::
‰

::
fit

::::
well

:::
into

::::
this

:::::
range

:::
and

:::::
likely

:::::::
reflects a marine or potentially a mixed meteoric/marine fluid system, which

is unsurprising given the marine deposition environment in the hanging wall basin. The values
:::::::::::::::::
Henstra et al. (2016)

:::::
argue

:::
for

::
the

::::::::
presence

::
of

:
a
:::::
delta

::::::
located

::
to

:::
the

::::
north

:::
of

::
the

:::::
study

:::::
area,

:::::::
between

:::
the

::::::::
Dombjerg

:::
and

::::::::::::
Thomsenland

:::::
faults

::::
(Fig.

:::
1b),

::::::::
supplied

::
by

::
a

::::
large

:::::::::
hinterland

:::::::::
catchment

::::
area.

::::
This

:::::
river

::::::
system

:::::
might

:::::
have

:::::::
provided

:::::::::
sufficient

:::::
inflow

:::
of

:::::::::
freshwater

:::
into

::::
the

::::::
marine390

::::::
hanging

::::
wall

:::::
basin

::
to
:::::

shift
:::
the

::::
δ18O

::::::::
signature

:::
to

:::
the

::::
more

::::::::
negative

::::::
values.

:::
An

::::::::
additional

:::::::::
possibility

::::
may

:::
be

:::
the

::::
local

::::::
influx

::
of

:::::::
meteoric

:::::::::::
groundwater:

:::
the

::::::::::
δ18OVSMOW:::

of
:::
the

:::::::
cements appear to increase slightly with distance to the fault (Fig. 7c

::
9d) and

with the caveat that this observation is based on a limited number of data points, this may be taken to suggest that an influx

of meteoric groundwater affected the proximal (near-fault) parts of the hanging wall
:
, but did not access the more proximal

hanging wall deposits.395

5.2 Timing and formation of calcite veins

The analyzed veins cover a U-Pb age range from 140 to 90 Ma. Only one of these veins (sample G-10 v1) formed during the rift

climax stage (Table 1, fig. 6
:
8), whereas the majority formed broadly between 125 to 100 Ma in the post-rift stage, accompanied

by renewed fracture opening and vein formation between 115 to 90 Ma (Fig. 6). Extensional phases have not been reported for400

::
8).

::
In

:
the Wollaston Forland during the

:::::
Basin,

::::
there

::
is,

:::
to

:::
our

:::::::::
knowledge,

:::
no

::::::::
published

::::::::
evidence

::
for

:::::::
tectonic

:::::::
activity

::
in Aptian

to Turonian
:::::
times. However, on northern Hold with Hope, ∼80 km south of our study area (Fig. 1), a rift period occurred

from end-Valanginian to Middle Albian times with faulting along a series of N–NNE trending normal faults (Whitham et al.,

1999). Both vein ages and orientations in our study area fit well with these structures and might therefore correspond to this

tectonic phase. On the rift counter-part across the Norway-Greenland Sea, the Lofoten-Vesterålen segment of the Norwegian405

continental shelf, a rifting phase occurred during the Late Albian (Dalland, 1981; Henstra et al., 2017) and may have a minor

contribution to fracturing or fracture reopening.
:::
We

::::
note

::::::::
however,

:::
that

::::
with

::::::
regard

::
to

:::
the

::::::
limited

:::::::
sample

:::::::
number,

:::
we

::::::
cannot

::::
fully

::::::
exclude

:::
the

:::::::::
possibility

::
of

::::::::::
continuous

::::
vein

::::::::
formation

::::
from

:::
the

:::::::
syn-rift

:::
into

:::
the

::::::::
post-rift.

It is also possible that the veins formed in two stages by
:
(i) fracturing during the main rift stage, and ii) fracture cementation

::
(ii)

::::::
calcite

:::::::::::
precipitation,

:
in the post-rift stage. However, the vein generation G-10 v1 precipitated

::::::
formed

:
at the end of the rift410

climax (Fig. 6
:
8; table 1) showing that the formation conditions were favorable for calcite precipitation

::
in

:::::::
fractures. Hence, it

would be reasonable to expect that also other fractures forming during rift climax should be cement-filled
::::::::::
calcite-filled, and

we therefore consider the above
::::
such

:
a
:
two-stage interpretation as less likely, and our preferred interpretation is that the veins

formed in their entirety in the post-rift stage. The U-Pb ages of vein samples G-7 (50.1 ± 2.1 Ma) and G-2 (49.4 ± 2.1 Ma)

diverge significantly from the main sample suit. These veins closely post-date the extrusion of the plateau basalts covering415

the Lower Cretaceous late syn-rift Palnatokes Bjerg Formation,
::::::
which

::::::
overlies

::::
the

:::::::::
Lindemans

::::
Bugt

:::::::::
Formation. This event is

dated to 56-53 Ma (Larsen et al., 2014) and is related to the onset of continental breakup, which started at the latitude of the

Wollaston Forland around 55 Ma (Mjelde et al., 2008; Larsen et al., 2014). Hence, the formation of the veins could be directly

related to deformation and uplift following breakup. A second striking difference to the main sample suit is the
:::
low

:
fluid
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δ18OVSMOW value available for G-7, which with -13.7
:
of

:::
-13

:
± 1.5 clearly

::
‰

::
of

::::::
sample

::::
G-7.

::
It
::::
falls

::::
well

::::
into

:::
the

:::::
global

:::::
δ18O420

::::
range

:::
of

::
-8

::
‰

::
to

:::
-20

:::
‰

::
for

:::::::
modern

:::::::
meteoric

:::::
water

::
at

:::::
60°N

::::::::::::::::
(Terzer et al., 2013),

:::
i.e.

:::
the

:::::::::::
paleolatitude

::
of

:::
the

:::::
study

:::
area

::
at

:::
50

:::
Ma

::::::::::::::::::::::::::::::::::::::::
(Torsvik et al., 2012; van Hinsbergen et al., 2015),

::::
and

::::
thus

::::
most

:::::
likely

:
indicates a meteoric fluid. We therefore interpret that

deformation and, potential, rift shoulder uplift in response to continental breakup (e.g., Wernicke, 1985; Chéry et al., 1992),

was responsible for vein formation, which at this time occurred under meteoric conditions.

As outlined in the previous chapter
::::::::
suggested

::::::
above, the clumped isotope temperatures of the hanging wall veins most likely425

reflect their formation temperatures. These generally lie close to the cement formation temperatures, which may be explained

by (i) similar formation depth,
:
(ii) deeper formation depth, but lower geothermal gradient, or (iii) perturbation of fluid flow

and advective heat transfer. The latter argument should be valid as the cementation zone has likely created a setting for com-

plex fluid pathways. While
:
,
:::::::
whereas

:
the evolution of the geothermal gradient is difficult to assess, the .

::::
The

:
burial depth of

the analyzed sedimentary rock has increased due to continued deposition of sediments in the hanging wall basin in the
::::
after430

::
the

:::::::::
formation

::
of

:::
the

:::::::::::
cementation

::::
zone

::::
due

::
to

:::::::::
deposition

:::
of

:::
the late syn-rift and

:::::::::
Palnatokes

:::::
Bjerg

::::::::::::
Formationand

:::::::::
Barremian

::
to

::::::
Albian post-rift stage (e.g., Surlyk and Korstgård, 2013)

::::::::
sediments

:::::::::::::::::::::::::::::::::::::::::::::
(e.g., Nøhr-Hansen, 1993; Surlyk and Korstgård, 2013).

Two formation temperatures and ages are obtained of successive precipitation generations from two vein samples, respectively

(samples G-10 and G-36; Table
:::
table

:
2, fig. 5a

::
7a). Both samples yield an increase of formation temperature from old to young

:::
vein

:::::::::
generation

:
(i.e. from 40.3 ± 7.1°C

:
at

:::::
139.3

::
±

:::
3.4

:::
Ma

:
to 61.5 ± 10.5°C

:
at
::::
90.4

::
±

:::
1.5

:::
Ma

:
in sample G-10 and from 36.3 ±435

9.4°C
::
at

:::::
122.4

::
±

:::
1.3

:::
Ma

:
to 58.2 ± 14.1°C

:
at
:::::
112.0

:::
±

:::
1.4

:::
Ma in sample G-36), which might indeed reflect an increasing for-

mation depth. However, the possibility persists that the connectivity of fluid pathways may have been in a favorable condition

for warmer fluids to circulate through the fractures during the formation of the younger vein generations.

For the calcite and dolomite samples from the basement and fault core, it is unclear if the clumped isotope temperatures reflect

the original formation temperatures, since an age control is missing. Therefore, these samples may have been partially reset440

due to ambient temperatures above the threshold of C-O bond reordering of ∼100°C for calcite (Passey and Henkes, 2012)

and ∼150°C for dolomite (Lloyd et al., 2018) in the course of time. For the basement sample G-34, with a
:::
The

:
clumped

isotope temperature of 128.7 ± 19.1°C , this possibility may have resulted in a complex mixed signal of original formation,

maximum, and cooling temperatures
:
of

:::
the

::::::::
basement

:::::::
sample

::::
G-34

:::::
could

::::::::
therefore

::::::
reflect

:::
the

:::::::
original

::::::::
formation

:::::::::::
temperature,

:
a
:::::::::
maximum

:::::::
ambient

:::::::::::
temperature,

:
a
:::::::
cooling

::::::::::
temperature

::
if

:::
the

:::::::
ambient

::::::::::
temperature

::::
was

:::::::
>100°C

:::
but

::::::
lower

::::
than

:::
the

::::::
calcite445

::::::::
formation

:::::::::::
temperature,

::
or

:
a
:::::::
mixture

::
of

:::::
these. For the fault core vein samples, only a partial heating signal may be present as

the measured clumped isotope temperatures of both veins are still below the temperature threshold (i.e. a fully reset signal

would give a clumped isotope temperature above 100°C for calcite and 150°C for dolomite). Therefore, we are confident that

the original formation temperatures of the dolomite and calcite vein samples from the fault core are ≤106.5 ± 11.9°C and

≤68.8 ± 10.9°C, respectively. Since both vein networks have a continuous, non-faulted appearance
:
in
:::
the

:::::::
outcrop (Fig. 3a

::
3e),450

we argue that these veins formed in the late stage of fault activity.
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5.3 Origin of calcite components and fluid circulation patters

One of the main questions around the formation of the cementation zone is the origin of calcium necessary for the calcite

cementation. A first likely candidate for a source is calcium from seawater that circulated through the hanging wall clastics455

:::::::::
succession (Morad, 1998). Such a circulation may be expected to follow general subsurface flow patterns in coastal areas. In

such areas, groundwater systems are commonly characterized by saline
::::::
marine

:
(i.e. seawater) groundwater circulation that

is tidal-, density-, and thermal-driven, and meteoric groundwater flow towards the ocean, driven by the hydraulic head (e.g.,

Cooper, 1959; Wilson, 2005; Jiao and Post, 2019). Permitted
::
In the presence of a continuous and undisturbed permeable rock,

saline
::::::
marine circulation is not restricted to the aquifer underneath the ocean, but extends landward beyond the coastline un-460

derneath the body of meteoric groundwater (Fig. 10a
:::
12a). The landward extension of saline

::::::
marine groundwater circulation

partly depends on the permeability of the aquifer (e.g., Houben et al., 2018; Jiao and Post, 2019). Along the Dombjerg Fault,

which defined and delineated the coastline during the rift climax
::::::::::::::::::::::::::::
(Surlyk, 1989; Henstra et al., 2016), the footwall is composed

of low-permeable crystalline and metamorphic rock with a low fracture and vein density (4 joints + 1 vein per meter; Kris-

tensen et al., 2016). On the other hand, the hanging wall clastics have
::::::::
succession

::::
has distinctly different flow properties than465

that of low-permeable crystalline basement. Where non-cemented
::::::::::
uncemented, these deposits are highly

:::::
porous

:::::
(Fig.

:::
4e),

::::
and

:::::::
therefore

::::::::::
presumably

:
permeable allowing for fluid flux at a much larger degree compared to low-fractured crystalline and

metamorphic basement rock (e.g., Brace, 1980). Hence, along the Dombjerg Fault, saline
::::::
marine fluid circulation should be

predominantly restricted to the permeable fault zone and hanging wall clastics
:::::
clastic

::::::::::
succession (Fig. 10b

:::
12b). Upwelling of

warm saline fluids within the clastics
::::::
marine

:::::
fluids along the fault may have been in a favorable condition for the precipitation470

of calcite from seawater
:::::
within

:::
the

::::::
vicinity

:::
of

::
the

:::::
fault

::::
zone.

A second candidate for a calcium source are Permian carbonate and evaporite deposits underlying the clastic hanging wall

rift sediments. While a direct exposure of such rock along the Dombjerg Fault is missing, a Permian carbonate unit is located

along the northern section of the Clavering Fault (Fig. 1b; Surlyk, 1978), which forms the southern extension of the Dombjerg

Fault. Permian carbonate rock is also exposed at the southern crest of the hanging wall block of the Dombjerg Fault (Fig. 1b;475

Surlyk, 1978). It may therefore be a reasonable assumption that the Permian succession is also underlying the Lindemans Bugt

Formation along the Dombjerg Fault, especially considering that the fault had been active since the Carboniferous (Rotevatn

et al., 2018). It has been proposed and modeled elsewhere that surface waters may convect thermally-driven within faults (e.g.,

López and Smith, 1996; Zhao et al., 2003; Hollis et al., 2017). Such convecting fluids within the Dombjerg Fault may have

dissolved the carbonate and transported the solutes into the Lindemans Bugt Formation for the precipitation of calcite.480

Other potential sources for calcium can be excluded: No carbonate rock is hosted by the basement and also carbonate deposits

in the Palnatokes Bjerg Formation overlying the cementation zone-hosting Lindemans Bugt Formation (i.e. Albrecht Bugt

Member; Surlyk and Korstgård, 2013) can be ruled out as a source, since the cementation pre-dates this deposition. Further,

dissolution of biogenic carbonate clasts and feldspar alteration appear unlikely for
::
as

:
a potential internal source. Although

biogenic carbonate clasts occur sporadically in some outcrop sections and are visible in a number of thin sections, they do not485

show signs of dissolution or recrystallization. The degree of feldspar alteration in the sandstone is low and, hence, will not have
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provided a significant amount of calcium. Therefore, whether calcium from seawater or dissolved underlying carbonates, it is

clear that the calcium must have been introduced into the sediments of the Lindemans Bugt Formation by advective transfer.

CO2 that is acquired for the formation of calcite may have been generated and transported along in the same process. Yet, the

negative δ13CVPDB values of the cements hint towards an (additional) internal source: δ13C values of calcite cements range490

from -18.2
::
‰

:
to -9.7

::
‰, which are typical values for CO2 deriving from the degradation of organic matter (e.g., Clark and

Fritz, 1997). The high Uranium content of the cements, which allowed the U-Pb calcite dating, also argues for degradation

of organic matter, which is commonly bonding Uranium (e.g., Spirakis, 1996; Cumberland et al., 2016).
::::::
Organic

::::::
matter

::
is

:::::::
common

::
in

:::
the

:::::::::
Lindemans

:::::
Bugt

:::::::::
Formation,

::::::::::
composing

::::::
mostly

::
of

::::::::::
ammonites,

:::::::
bivalves,

::::::::::
belemnites,

:::
and

::::::::::
transported

::::
plant

::::
and

::::
wood

:::::::::
fragments

:::::::::::::::::::::::::::::::::
(Pauly et al., 2013; Henstra et al., 2016)

:::
and

:::
the

::::::::
presence

::
of

:::::
pyrite

::
in

:::
the

::::::::
sediment

:::::
point

:::::::
towards

::
an

:::::::
organic495

:::::
matter

::::::::::
degradation

::
in

:::
the

::::::
sulfate

::::::::
reduction

::::
zone

::::::::::::::::::::::::::::
(e.g., Jørgensen and Kasten, 2006)

:
.

::
Fe

:::
and

:::
Mn

:::::::::::
incorporated

::
in

:::
the

:::::
calcite

:::::::
cements

::::
and

::::
veins

::
is

::::
most

:::::
likely

:::::::
sourced

::::
from

::::::
within

::
the

:::::::::
sediments,

::
as

::::
their

::::::::::::
concentration

::
in

:::::
marine

:::::
water

::
is

::::::::
generally

::::
very

:::
low

::::::::::::::::::::::::
(e.g., Moore and Wade, 2013)

:
.
:::::::
Notable

:
is
:::
the

::::::
overall

::::
high

::
Fe

::::::::::::
concentration

::
in

::
the

::::::::
samples,

::::
while

::
at
:::
the

:::::
same

::::
time

:::::
being

:::::
highly

:::::::
variable

::::::
across

::
the

:::::::
sample

:::
suit

::::
(Fig.

:::
10,

:::::
table

::
3).

::
A

:::::
major

:::
Fe

:::::
source

:::
has

:::::
likely

:::::
been

::::::
biotite,

:::::
which

::
is

:::::::
frequent

::
in

:::
the

::::::::
sandstone,

::::
and

:::
the

::::::::
formation

::
of

:::::
pyrite

:::::
along

::::
these

::::::
grains

:::::::::::
demonstrates

:::
that

::
Fe

::::
was

:::::::
released

::::
from

::::::
biotite500

::::
(Fig.

::
5).

:::
An

:::::::::::::
inhomogeneous

::::::::::
distribution

::
of

::::::
biotite

::
in

:::
the

::::::::
sandstone

:::::
might

:::::::::::
subsequently

::
be

::::::::::
responsible

:::
for

::
the

::::::
spatial

:::::::::
variability

::
of

::
Fe

::::::::::::
concentration

::
in

:::
the

:::::::
calcite.

::::
The

:::
low

:::
Sr

::::::::::::
concentration

::
is

:::::
more

:::::::
difficult

::
to

:::::::
explain:

:::
Sr

::::::
uptake

:::
into

::::::
calcite

::
is
::::::::

strongly

::::::::::
temperature

:::
and

:::::::::::
precipitation

::::
rate

:::::::::
dependent,

:::
i.e.

:::
the

:::
Sr

:::::::::::
concentration

:::
in

:::::
calcite

:::::::::
decreases

::::
with

:::::::::
increasing

::::::::::
temperature

::::
and

:::::::
increases

:::::
with

::::::::::
precipitation

::::
rate

::::::::::::::::::::::::::::::
(e.g., Tang et al., 2008; Swart, 2015).

::::
The

::::
low

::
Sr

:::::::::::
concentration

:::::
may

:::::::
therefore

:::
be

:
a
:::::
result

:::
of

::
the

::::::::
elevated

::::::::::
precipitation

::::::::::
temperature

::
in

::::::::
reference

::
to

::::::
calcite

:::::::::::
precipitating

:
at
:::
or

::::
near

:::
the

:::::::
seafloor.505

5.4 Permeability of the fault and the cementation zone

Throughout its seismic activity, the Dombjerg Fault was permeable due to repeated fracturing, as commonly assigned to fault

zones (e.g., Sibson, 1990)
:::::::::::::::::::::::::::::::::
(e.g., Sibson, 1990; Indrevær et al., 2014). The anastomosing dolomite vein network (represented by510

sample TBK9dol) close to the fault core suggests the fault represented a conduit for vertical (up-fault) fluid migration. It yields

a fluid δ18O
:::::VSMOW:

value of +16.1 ± 1.6 (Table 2), which is by far the highest value determined in our sample suit and is

indicative for a metamorphic fluid (Sheppard, 1986) that was likely sourced from greater depths. On the contrary, its formation

temperature of ≤106.5 ± 11.9˚C is not particularly high, which might reflect a moderate flow rate allowing the fluid to adapt

to the ambient wall rock temperature.515

The younger calcite vein network cutting through the dolomite veins is less pronounced and consists of thinner veins. Its fluid

δ18O
::::::VSMOW value of -1.8 ± 1.7

::
‰ (sample TBK9cal; Table

::::
table

:
2)

:::::::::
presumably

:
indicates a marine fluid, which may be taken

to suggest that the saline
:::::
marine

:
groundwater circulation was responsible for its formation. The δ13C value of -4.2 ± 0.1

::
‰

of this vein differs significantly from hanging wall cements and veins (-23.5
::
‰

:
to -9.7

::
‰). Also, the minor element concen-

tration ratio diverges from hanging wall samples
::::
with

::::
very

:::
low

::::
Mn

:::
and

:::
Mg

::::::::::::
concentrations

:
(Table 3, Fig. 8

:::
fig.

::
10). This might520
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indicate that the saline
:::::
marine

:
groundwater circulation, from which the calcite in the fault core fracture network precipitated,

was decoupled from groundwater circulation in the hanging wall sediments.

In the hanging wall, the cementation zone will have, once formed, significantly lowered the permeability of the fault-proximal

hanging wall sediments, as the carbonate cement reduces the pore space towards 0 %. During progressive formation of the

cementation zone and accompanying matrix porosity and permeability loss, fluid circulation becomes increasingly dependent525

on flowing through fractures developed within this zone. Here, the magnitude of circulation and flow direction is then guided

by the connectivity and orientation of the fracture network.

A hint towards the degree of fracture connectivity and fluid flow rate is given by the
:::
The minor element concentration of ce-

ments and veins (Fig. 8)
:::
10)

::::
may

::::
shed

::::
light

::
on

:::
the

:::::
fluid

::::
flow

:::
rate

::::
and

:::::
degree

:::
of

::::::
fracture

:::::::::::
connectivity

::
in

:::
the

::::::::::
cementation

::::
zone.

There is a striking similarity of minor element concentrations between veins and the respective wall rock cement in around530

half of the analyzed samples. As this pattern is visible in both sample suits of original and recrystallized cement, this pattern

seems to be a primary signal, ,
:::::
while

:::::
being

:::::::
variable

:::::
from

::::::
sample

::
to

::::::
sample

:::::
(Fig.

:::
10,

::::::::::::
supplementary

::::::
figure

::::
S2).

::::::::::
Noteworthy

:
is
:::

the
::::::::::::

compositional
:::::::::

difference
::::::::
between

:::::::
samples

::::
G-36

::::
and

:::::
G-38:

:::::
these

:::::::
samples

:::
are

:::::::
located

:::
∼2

::
m

:::::
apart

::::
from

:::::
each

::::
other

:::
in

::
the

:::::
same

:::::::
outcrop,

:::
yet

:::::::::
especially

:::
the

:::
Fe

:::::::::::
concentration

:::
of

:::::::
cements

:::
and

:::::
veins

:::::
varies

::::::::
between

:::
the

:::::::
samples,

:::::
while

::::::
being

::::::
similar

::::
from

::::::::
respective

::::
wall

:::::
rock

::::::
cement

::
to

::::
vein

::::::
calcite.

::::::
While

::::::
sample

:::::
G-36

:::::
yields

::
an

:::
Fe

:::::::::::
concentration

::::::
below

:::::::
average,

::::::
sample

:::::
G-38535

:::::
yields

:::
the

::::::
highest

:::
Fe

::::::::::::
concentration

::
of

:::
all

:::::::
samples

::::
(Fig.

:::
5,

::::
table

:::
3).

::::
The

::::::::
analyzed

:::::
1-inch

::::::
mount

:::
of

::::
G-38

:::::
hosts

::
a
::::
very

:::::
large

:::::::
quantity

::
of

::::::
biotite

::::
(Fig.

:::
5),

:::::
which

::::::
serves

::
as

::
a

:::::::::
Fe-source,

:::
and

:::::
could

:::::::
explain

:::
this

::::
high

::::::::::::
concentration.

::
If

:::
an

::::::::
advective

::::
fluid

::::
was

:::::::::
responsible

:::
for

::::
both

:::
the

:::::::::::
precipitation

::
of

:::::::
cement

:::
and

::::
vein

::::::
calcite,

::
it
:::::
must

::::
have

::::
kept

::
a

:::::
stable

:::::
minor

:::::::
element

:::::::::::
composition

::::
over

::::
∼20

::::
Myr

:
(i.e. reflecting the fluid composition of the initial calciteformation. Hence, the

:::
age

:::::::::
difference

:::::::
between

::::
wall

:::::
rock

::::::
cement

:::
and

::::
vein

::::::::
calcite),

:::::
which

::
at
:::

the
:::::

same
:::::

time
:::
had

::
to
:::::::

remain
::::::
highly

:::::::
variable

::
on

::
a
:::::
local

:::::
spatial

::::::
scale.

:::
We

::::::
regard

:::
this

:::
as540

:::::::
unlikely

:::
and,

:::::::::
therefore,

:::::
argue

:::
that

:::
the

:
solute which formed the vein calcite likely

:::
was derived from diffusion from the calcite

cement into the fracture.
:::::::
Diffusion

:::
of

::::
mass

:::::
from

::::
local

::::
wall

:::::
rock

:::
into

::
a
:::::::
fracture

::
is

:
a
::::::::
common

::::::
source

::
of

::::
vein

:::::::
material

::::
and

::
is

::::::::
promoted

:::
by,

::::
e.g.,

::::::::
chemical

:::
and

::::::::
pressure

:::::::
gradients

::::::::
between

::::
wall

::::
rock

::::
and

:::::::::
fluid-filled

:::::::
fracture

::::
(e.g.,

::::::::::::::
Oliver and Bons

:
,
::::
2001

:
,

:::
and

:::::::::
references

::::::
therein;

:::::::::
Bons et al.

:
,
::::
2012

:
,
:::
and

:::::::::
references

:::::::
therein).

::
In

::::::::
addition,

::::::
calcite

:
is
::::::
highly

::::::::::
susceptible

::
to

:::::::
pressure

:::::::
solution

::::::::::::::::::::::::::::::::::::::
(e.g., Croizé et al., 2010; Toussaint et al., 2018)

:
,
:::::
which

::::
may

::::::
further

::::::::
stimulate

:::
the

::::::::::
availability

::
of

::::::::
diffusive

::::::::
material. It should545

be noted, that the possibility of a later equilibrium between cements and vein through solid state diffusion cannot be fully

neglected, as this is a process that is poorly understood at low temperatures, though experiments point towards an unlikely

mechanism (Fisler and Cygan, 1999; Gorski and Fantle, 2017).

If true, i.e. diffusion being responsible for the vein calcite formation, this indicates very slow advective fluid circulationand

a poorly connected fracture network. As the veins are predominantly parallel with a NNE-strike and .
::::::
Hence,

:::::::
despite

:::::
being550

::::::::
fractured,

:::
the

:::::::
effective

:::::::::::
permeability

::
of

:::
the

::::::::::
cementation

::::
zone

::::::::
remained

::::
low,

::::::
which

::::
may

:::
root

::
in
:::::
poor

::::::
fracture

:::::::::::
connectivity.

::::
The

::::
latter

::::
may

:::
be

:
a
:::::::::

reflection
::
of

:::
the

:::::::::::
predominant

:::::::::::::
parallel-striking

:::::
veins

::::
and

::::
their

:
near-vertical dip, an interconnection between

these veins might have indeed been poor. This emphasizes that the cementation zone was nearly impermeable despite having

been subject to fracturing
::::
dips,

:::::::
causing

::::::
limited

:::::::
fracture

::::::::::
intersections

:::::
(Fig.

::
2).

555
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6 Summary and Conclusions

The integration of the analyses of our sample suits sheds light on the fluid flow evolution along the Dombjerg Fault since

its syn- to late-rift stage activity. Within the fault, a well-connected fracture network existed at the late stage of fault activity

allowing upward flow of metamorphic fluids (Fig. 11a
:::
13a), as evident by the dolomite vein network. At depth, these fluids

may have been dragged
:::::
drawn into the highly fractured fault, where thermal-driven upward flow occurred. Presumably, such560

networks existed repeatedly in the course of the faults activity. Towards the end of its activity, the fault became sealed to deep

fluid circulation, as indicated by the less-pronounced, low-temperature calcite vein network postdating the prominent dolomite

vein network.

In the hanging wall, fluid advection followed the common model of groundwater flow in coastal aquifers, with the distinc-

tion that thermal-driven upward flow occurred within the sediments along the fault and low-permeable footwall rock (Fig. 10,565

11
::::
Figs.

:::
12,

:::
13). The cementation zone formed quickly after the deposition of its hosting sediments of the Lindemans Bugt

Formation (Fig. 11b
:::
13b), with a formation temperature around 30–70°C at a depth <1 km (Fig. 9

::
11). While the calcium for

the calcite formation derived from advective fluid transport, CO2 likely has a component of local formation. Once formed, the

cementation zone acts as a low-permeable body and redirects fluid advection in the hanging wall towards the distal parts of the

basin, which may in turn be a contributor of the cementation growth farther into the basin
::::
away

:::::
from

:::
the

::::
fault (Fig. 11c

:::
13c).570

Fractures and veins within the cementation zone formed predominantly in the post-rift stage
::::
(Fig.

::::
13d) at temperatures around

30–80°C, and might reflect an extensional period during the Aptian to Turonian that has not been identified in the Wollaston

Forland before. However, the fracture network did not significantly increase the permeability of the cementation zone. At con-

tinental break-up and extrusion of flood basalts in the early Eocene, the marine basin was drained allowing meteoric water to

infiltrate the basin and fractures within the cemented clastics (Fig. 11d
:::
13e).575

This study highlights the effect of rift faulting on early sediment diagenesis and shows that clastic sediments can become

solidified
::::::
lithified

:
quickly after their deposition. This has an immediate effect on the style of damage zone evolution, as it in-

hibits the growth of a damage zone featuring deformation bands that would normally be expected to form in porous sediments.

Instead, a fracture-dominated damage zone evolves similar to a hard-rock hosted fault. Depending on the degree of fracturing

and fracture connectivity within the cementation zone, two separate, decoupled fluid circulation systems may form: one within580

the uncemented fault-distal sediments and one within the fractured fault zone. This may have an important impact on potential

mixing with fluids from under- or overlying reservoirs that are tapped by the fault.

In the management of fault-dependent subsurface aquifers/reservoirs for petroleum, groundwater or geothermal resources, and

in CO2 storage sites, it is important to be aware that in the presence of a fault-proximal cementation zone such as the one

studied here, permeability and fluid flow in the vicinity of the fault may be greatly reduced. We therefore suggest, that the585

possibility of this type of diagenetic seal should be incorporated in fault seal analyses.
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Figure 1. (a) Regional geological map of NE Greenland with right-stepping rift boundary fault system separating Devonian-Jurassic sedi-

mentary basins from Caledonian basement. (b) Geological map of the Wollaston Forland and its surrounding. (c) Geological cross section

of the Wollaston Forland Basin (see (b) for location). Modified after Rotevatn et al. (2018), based on Surlyk et al. (1993), Surlyk (2003),

Henriksen (2003), Surlyk and Korstgård (2013), and Henstra et al. (2016).
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:::
11. Sample coordinates provided in

supplementary table S1. See figure 1b for location. Base satellite image from © Google Maps.
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mented pockets at the distal end of the cementation zone; (d
:
b) calcite cemented conglomerate at distal end of the cementation

:::::::
chemical

:::::::
alteration zone; (e

:
c) uncemented sandstone / conglomerate outside cementation

::::::
chemical

::::::::
alteration zone;

:::
(d)

:::::
calcite

::::
vein

::::::
cutting

::::::
through

:::::
calcite

:::::::
cemented

::::::::
sandstone

:::::
within

:::::::
chemical

::::::::
alteration

::::
zone;

:::
(e)

:::::::
dolomite

::::
vein

::::::
network

:::::::::
(yellowish)

:::
cut

:::
by

::::::
younger

:::::
calcite

::::
vein

:::::::
network

::::::
(whitish)

::::::
within

:::::::
Dombjerg

::::
fault

::::
core. For location of photos see figure 2.30
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(plane-polarized light (PPL);
:::::::
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:::::
pores

:::
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:::::
caused

::
by

:::::::
plucked

:::::
grains

:::::
during

::::::
sample

::::::::
preparation); (b) close-up

::::::::::::::::
cathodoluminescence

::::
image

:
of pore-filling drusy calcite spar cement (cross-polarized light (XPL))

::::::::::::
calcite-cemented

::::::
sample; (c

::
c-f) close-up of pore-filling

poikilotopic calcite
::::::
cements

:::
with

:::::::
textures

::::::
ranging

::::
from

::::::::
micro-spar

::
to
::::::::::

poikilotopic cement ; (d
:::::::::::
cross-polarized

::::
light)cathodoluminescence

image of calcite-cemented sample; (e
:
g) calcite-absent sediment sample H-1 (PPL); (f

:
h) close-up of calcite-absent sample with common

feldspar-overgrowth (XPL with ¼ λ plate). 31
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:::
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energy-dispersive

:::::
X-ray

::::::
imagery

::
of
::::::

sample
:::::
G-38,

:::::
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::::
hosts

:::::::
abundant

:::::
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::
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:::
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::::
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::::
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::::
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::::::
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::
the

::::::
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:::::
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::::::
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:::::::
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:::::
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:::
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:::
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:::::::::
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::::::::
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:::
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:::::
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32



Compaction
Feldspar overgrowth
Calcite cementation
Pyrite precipitation
Feldspar dissolution
Vein formation

Compaction
Feldspar overgrowth
Pyrite precipitation
Feldspar dissolution

in
si

de
 c

em
en

ta
tio

n 
zo

ne
ou

ts
id

e
 c

em
en

ta
tio

n 
zo

ne

Eogenesis Mesogenesis

Figure 6.
:::::::::
Paragenetic

:::::::
sequence

::
of

::
the

::::
main

::::::::
diagenetic

:::::
events

::
in

:::
the

::::::::
Lindemans

::::
Bugt

::::::::
Formation.

33



5 mm 500 μm

500 μm

500 μm

5 mm

5 mm

A B

E F

DC

TBK 9 TBK 9

G-22G-22

G-36 G-36

Dolomite

Calcite

Calcite vein

122.4±1.3 Ma ; 36.3±9.4 °C
112.4±1.4 Ma ; 58.2±14.1 °C}

150.6±9.3 Ma
56.6±10.9 °C

112.4±1.4 Ma
77.6±10.1 °C

Calcite vein 
growth zona�on

wall rock

wall rock

fault rock

dolomite 
vein network

68.8±10.9 °C

106.5±11.9 °C

cement

Figure 7. Thin section photos of hanging wall veins (a-d) and fault core veins (e,f). Sample ID given in upper right corner of respective

image. Formation ages and temperatures given in figures where available (cf. tables 1, 2). (a) vein showing growth zonation, note ∼10 Myr

age difference between outer and inner growth generation (plane-polarized light); (b) catholoduminescence (CL) close-up image of growth

zonation; (c) vein devoid of growth zoning (cross-polarized light (XPL)); (d) CL close-up image of calcite vein and calcite-cemented wall

rock; (e) dolomite vein network cutting through cataclasite of Dombjerg Fault core (XPL); (f) CL close-up image of dolomite crystals,

remaining cavities have been filled with younger calcite.

34



16
0

15
0

14
0

13
0

12
0

11
0

10
0

90
60

50

Ca
lc

ite
 c

em
en

ta
tio

n

Ve
in

 in
iti

al
fo

rm
at

io
n

Ve
in

 re
op

en
in

g 
ge

ne
ra

tio
n

Co
nt

in
uo

us
 g

ro
w

th
 

ve
in

 g
en

er
at

io
n

Ve
in

 / 
Ce

m
en

t
re

cy
st

al
liz

at
io

n

Oxfordian

Kimmeridgian

Ti
th

on
ia

n

Vo
lg

ia
n

Ry
az

a-
ni

an

Be
rr

i-
as

ia
n

Hauterivian

Barremian

Va
la

n-
gi

ni
an

A
pt

ia
n

A
lb

ia
n

Ce
no

-
m

an
ia

n

Turonian

Paleocene
Eo

ce
ne

Coniacian

Ri
ft

 c
lim

ax
La

te
 s

yn
-r

ift
Ea

rly
 s

yn
-r

ift
Po

st
-r

ift

Li
nd

em
an

s 
Bu

gt
 F

m
.

Pa
ln

at
ok

es
 

Bj
er

g 
Fm

.

co
nt

in
en

ta
l 

br
ea

ku
p

Pl
at

ea
u 

ba
sa

lt 
ex

tr
us

io
n

Ti
m

e 
(M

a)

TB
K1

ce
m

G
-3

8c
em

G
-3

6c
em

TB
K2

ce
m

G
-9

ce
m

G
-4

0

TB
K1

 v
2

TB
K1

 v
3

TB
K1

 v
1

G
-1

0 
v1

G
-1

0 
v4

G
-1

0 
v3

G
-9

 v
6

G
-2

4 
v1

G
-9

 v
2

G
-9

 v
5

G
-9

 v
3

G
-3

8 
v3

G
-2

G
-7

G
-2

2 
v2

G
-3

6 
v1

G
-2

5

G
-4

 v
2

G
-9

 v
4G

-2
4 

v2
G

-3
8 

v1

G
-3

6 
v3

G
-4

 v
3

G
-4

 v
4

Fi
gu

re
8.

Ti
m

el
in

e
w

ith
fo

rm
at

io
n

ag
es

of
ce

m
en

ts
(r

ed
ve

rt
ic

al
ba

r)
an

d
ve

in
s

(g
re

en
ve

rt
ic

al
ba

r)
,s

ep
ar

at
ed

in
to

ca
lc

ite
ce

m
en

ta
tio

n
(c

em
en

tg
ro

w
in

g
in

po
re

sp
ac

e)
,v

ei
n

in
iti

al
fo

rm
at

io
n

(fi
rs

tg
en

er
at

io
n

of
ca

lc
ite

ve
in

gr
ow

th
),

ve
in

re
op

en
in

g
ge

ne
ra

tio
n

(c
al

ci
te

pr
ec

ip
ita

tio
n

af
te

rr
en

ew
ed

fr
ac

tu
re

op
en

in
g

of
in

iti
al

ve
in

),

co
nt

in
uo

us
gr

ow
th

ve
in

ge
ne

ra
tio

n
(v

ei
ns

sh
ow

in
g

co
nt

in
uo

us
gr

ow
th

zo
na

tio
n

af
te

r
in

iti
al

ve
in

fo
rm

at
io

n)
,a

nd
ve

in
/c

em
en

tr
ec

ry
st

al
liz

at
io

n
(a

ge
s

re
se

tte
d

du
e

to
ca

lc
ite

re
cr

ys
ta

lli
za

tio
n)

.A
ll

sa
m

pl
es

de
riv

e
fr

om
th

e
L

in
de

m
an

s
B

ug
tF

or
m

at
io

n.
C

f.
ta

bl
e

3.
B

lu
e

ho
ri

zo
nt

al
ba

rs
re

pr
es

en
t2

σ
un

ce
rt

ai
nt

y.
N

um
er

ic
al

ag
es

of

re
gi

on
al

st
ag

es
Vo

lg
ia

n
an

d
R

ya
za

ni
an

af
te

rG
ra

ds
te

in
et

al
.(

20
12

).

35



20
30
40
50
60
70
80
90

100

20406080100120140160180

T 
(°

C
)

Hanging wall vein
Cement

Age (Ma)

20
30
40
50
60
70
80
90

100

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
T 

(°
C

)

Distance to fault (m)

A

B

D

E

C

-14
-12
-10
-8
-6
-4
-2
0
2
4

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

flu
id

 δ
18

O
 VS

M
O

W

Distance to fault (m)

Distance to fault (m)

-25

-20

-15

-10

-5

0

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

ca
rb

. δ
13

C
VP

D
B

ca
rb

. δ
13

C
VP

D
B

-25

-20

-15

-10

-5

0
-20 -15 -10 -5 0 +5 +10 +15 +20

fluid δ18O VSMOW

Hanging wall vein
fault core vein
basement vein

Cement
Eocene vein

dolomite vein

Figure 9. (a) Calcite formation temperatures obtained from clumped isotope analysis against formation ages obtained from U-Pb dating; (b)
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::::::::
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against
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:
e) Carbonate δ13CVPDB against distance to fault. (error bars represent 95 % confidence interval)
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Figure 10. Diagrams showing the element concentrations of Fe, Mn, Mg, Sr (in
::::
ppm)

::
in calcite cements and veins. Only samples hosting

both cement and veins are shown, and among those samples with multiple vein generations, only data for the thickest vein generation is

shown (see supplementary figure S2 for all diagrams). Exceptions are made for Eocene, fault core, and basement samples for which only

vein data exist. Solid orange line refers to mean values, the light orange envelope to minimum and maximum values. Note the similarity of

element concentration and ratio from cement to vein especially for samples G-4, G-9, G-25, and G-38. The Principal Component Analysis

(PCA) plot of the mean values highlights the similar ratio (calculated using provenance R package; Vermeesch et al., 2016).
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Figure 11. Estimation of thickness of Lindemans Bugt Formation above sample sites. A slope angle of 10-15° is reported for fault-proximal

sediments (Henstra et al., 2016) and is used as an interpolation of the top of the formation from its exposure in the field towards the Dombjerg

Fault. Sample sites are interpolated onto profile. For location of profile see figure 2.
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water is tidal-, density-, and thermal-driven. (b) Conceptual adapted fluid flow model at the Dombjerg Fault in the syn-rift stage.
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activity with formation of marine hanging wall basin and syn-rift sedimentation. Circulation of marine fluids is tidal- and thermal-driven (cf.

Jiao and Post, 2019). Fault activity maintains a well-connected fracture network in/near the fault core allowing for thermal-driven in-fault

circulation of surficial
:::::
marine

:
fluids (e.g. López and Smith, 1996) and upward metamorphic fluid migration. (b) Syn-rift sedimentation con-

tinues and calcite cement starts to grow. Source of calcium is either seawater or dissolving Permian carbonate underlying syn-rift sediments.

(c) Continued syn-rift sedimentation and growth of cementation zone. The zone forms a low-permeable body, which presumably directs

thermal-driven marine fluid circulation farther into the basin, which may also allow the cementation zone to grow. (d)
::::::::
Fracturing

::
in

:::
the

:::::::::
cementation

::::
zone

:::::
occurs

::::::
mainly

::
in

::
the

:::::::
post-rift

::::
stage

:::
and

::::
vein

:::::
calcite

:::::::::
precipitates

::::
from

:::::
marine

:::::
fluids.

:::
(e)

:
Eocene basalt extrusion and rift

shoulder uplift in response to continental breakup drains the marine basin and allows meteoric fluids
:::::::
(pathways

:::::::
unclear) to intrude

::::::
infiltrate

the hanging wall sediments
:::
and

:::::
Eocene

:::::::
fractures.
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Table 1. U-Pb calcite formation ages of calcite cements and veins of the Lindemans Bugt Formation.

Sample Type Age ± 2σ MSWD

G-2 initial vein 49.4 ± 2.1 0.8

G-4 v2 initial vein 107.3 ± 1.9 0.3

G-4 v3 contin. growth vein 104.5 ± 1.2 0.7

G-4 v4 contin. growth vein 96.2 ± 0.9 1.0

G-7 v2 initial vein 50.1 ± 2.1 1.8

G-9 cem recryst. cement 104.1 ± 1.7 2.0

G-9 v4 initial vein 114.4 ± 3.1 0.7

G-9 v2 reopening vein 104.1 ± 2.6 1.3

G-9 v3 reopening vein 97.1 ± 0.9 1.2

G-9 v5 reopening vein 104.1 ± 0.9 1.4

G-9 v6 recryst. vein 102.9 ± 3.7 2.1

G-10 v1 initial vein 139.3 ± 3.4 1.3

G-10 v3 recryst. vein 91.2 ± 3.5 1.1

G-10 v4 reopening vein 90.4 ± 1.5 1.0

G-22 v2 initial vein 98.9 ± 2.3 0.9

G-24 v2 initial vein 113.0 ± 1.0 1.4

G-24 v1 reopening vein 93.5 ± 0.7 1.0

G-25 initial vein 114.2 ± 1.8 1.8

G-36 cem cement 150.6 ± 9.3 11.8

G-36 v1 initial vein 122.4 ± 1.3 0.8

G-36 v3 contin. growth vein 112.0 ± 1.4 0.7

G-38 cem cement 139.4 ± 4.9 5.5

G-38 v1 initial vein 120.5 ± 1.9 0.1

G-38 v3 reopening vein 97.6 ± 0.9 0.1

G-40 initial vein 117.6 ± 1.2 1.4

TBK1 cem cement 143.7 ± 6.5 5.8

TBK1 v1 initial vein 121.0 ± 11.0 2.0

TBK1 v2 reopening vein 114.6 ± 1.0 1.4

TBK1 v3 reopening vein 110.5 ± 3.7 1.6

TBK2 cem recryst. cement 103.3 ± 2.6 1.8
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Table 3. Minor element concentration (in ppm) of calcite cements and veins derived from microprobe analysis (bdl = below detection limit,

n = number of measurements).

Fe Mg

type Sample ID Mean SD max min Mean SD max min n

cements

G-4 cem 9902 121 11929 8138 3424 53 4637 2494 20
G-9 cem 8116 229 12942 2833 1591 48 2949 756 20
G-22 cem 5346 180 8187 1411 1736 79 3191 570 20
G-24 cem 7425 104 9509 5633 2412 55 3291 1287 20
G-25 cem 2546 107 4789 805 1152 58 2717 435 20
G-36 cem 4392 223 10353 961 5677 172 9891 2856 20
G-38 cem 11862 511 18854 5166 5220 178 7906 2073 20
H-5 6255 48 7160 5532 7557 86 9553 6278 20
TBK1 cem 2429 239 6307 bdl 4430 304 10727 1496 20
TBK2 cem 3152 112 5531 1461 1309 47 2979 785 18

Hanging wall veins

G-4 v1 9399 134 10672 6026 3538 60 4124 2036 10
G-4 v2 8827 63 9590 7432 2857 33 3462 2238 10
G-4 v3 9356 284 12615 3035 3130 105 4351 971 10
G-4 v4 6057 105 8396 4219 2401 31 2723 1787 20
G-40 7323 110 9219 5260 3744 54 4485 2608 10
G-9 v4 5492 107 7312 3145 1436 28 1902 810 10
G-9 v5 3829 113 5853 1946 2842 87 3952 711 10
G-10 v1 6270 219 10021 2077 1581 65 2382 330 20
G-10 v4 2122 57 3482 1554 401 12 568 bdl 10
G-22 v1 3126 100 5293 1710 1532 55 2474 851 10
G-22 v2 1436 22 1744 1188 1204 12 1388 1017 10
G-24 v1 9636 244 13785 6390 1754 89 3763 821 10
G-24 v2 4888 90 6937 3826 4381 76 5686 3301 10
G-24 v3 8245 232 11753 4511 5120 265 7140 545 10
G-25 1472 131 5015 774 785 40 1855 552 10
G-36 v3 6567 65 7602 5543 2207 21 2497 1814 10
G-36 v1 8559 211 13130 5557 4269 108 6453 2753 10
G-38 v1 13598 216 17041 10964 5180 96 6804 3981 10
G-38 v3 12860 109 14859 11461 4766 54 5597 4038 10
TBK1 v1 6563 141 9000 3972 3664 50 4442 2700 20
TBK1 v2 9251 101 10381 7700 3232 61 3897 2175 10
TBK1 v3 6635 133 8649 4048 2986 78 4303 1734 10

young veins
G-2 bdl bdl bdl bdl bdl bdl bdl bdl 10
G-7 bdl bdl 604 bdl bdl bdl 551 bdl 10

basement / fault core veins

G-34 bdl bdl bdl bdl bdl bdl bdl bdl 10
TBK9dol 24556 666 33177 13823 112599 297 116761 109590 10
TBK9cal 8342 255 11778 5235 887 33 1324 423 10
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Table 3. (continued).

Sr Mn

type Sample ID Mean SD max min Mean SD max min n

cements

G-4 cem bdl bdl 493 bdl 3741 46 4663 2882 20
G-9 cem bdl bdl 523 bdl 4277 69 6310 2880 20
G-22 cem bdl bdl 690 bdl 5045 113 7787 2622 20
G-24 cem bdl bdl 671 bdl 4024 79 5647 2189 20
G-25 cem bdl bdl 606 bdl 3895 93 5235 1988 20
G-36 cem bdl bdl 737 bdl 2922 137 4806 bdl 20
G-38 cem bdl bdl 502 bdl 3990 92 6550 2799 20
H-5 bdl bdl 554 bdl 4236 34 5039 3844 20
TBK1 cem 421 26 1224 bdl 2866 137 5291 bdl 20
TBK2 cem bdl bdl 639 bdl 4301 58 5172 3215 18

Hanging wall veins

G-4 v1 bdl bdl bdl bdl 4153 60 5077 3253 10
G-4 v2 bdl bdl 508 bdl 4017 36 4468 3283 10
G-4 v3 bdl bdl bdl bdl 4227 40 5069 3733 10
G-4 v4 bdl bdl 846 bdl 5661 85 6256 3315 20
G-40 bdl bdl bdl bdl 3114 44 3745 2554 10
G-9 v4 bdl bdl bdl bdl 4795 67 5864 3167 10
G-9 v5 bdl bdl 648 bdl 3522 83 4556 1924 10
G-10 v1 bdl bdl 453 bdl 4125 91 5714 1979 20
G-10 v4 bdl bdl 666 bdl 4043 44 4727 3334 10
G-22 v1 465 19 705 bdl 5103 148 7700 2720 10
G-22 v2 bdl bdl 651 bdl 4745 24 5130 4503 10
G-24 v1 bdl bdl 564 bdl 5901 205 8055 2323 10
G-24 v2 bdl bdl bdl bdl 6719 168 9044 2838 10
G-24 v3 bdl bdl bdl bdl 5694 145 8926 4106 10
G-25 bdl bdl 577 bdl 4387 135 5383 984 10
G-36 v3 bdl bdl bdl bdl 3959 50 4893 3279 10
G-36 v1 bdl bdl 444 bdl 3846 124 6303 2590 10
G-38 v1 bdl bdl 448 bdl 4286 89 5153 2823 10
G-38 v3 bdl bdl bdl bdl 3232 40 3974 2794 10
TBK1 v1 bdl bdl 503 bdl 3691 45 4519 2772 20
TBK1 v2 bdl bdl 429 bdl 3090 57 4120 1955 10
TBK1 v3 bdl bdl 464 bdl 2515 50 3152 1403 10

young veins
G-2 472 14 706 bdl bdl bdl 685 bdl 10
G-7 bdl bdl 435 bdl 2390 56 3365 1383 10

basement / fault core veins

G-34 bdl bdl bdl bdl bdl bdl 862 bdl 10
TBK9dol 2959 62 4259 2298 1219 46 1722 bdl 10
TBK9cal bdl bdl 695 bdl 1435 44 2012 bdl 10
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