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6.1 Introduction
Despite their minute size, fluid inclusions may function as time capsules recording 

characteristics of ancient mineral-forming fluids. Although numerous geochemical records 
may be extracted from fluid inclusions to acquire information on paleo-fluid systems, the 
hydrogen and oxygen isotope records are of a particular interest as they directly target 
the main constituent of any mineral-forming fluid: the water molecules. A functional tool 
for isotope analysis of fluid inclusion water would constitute a leap forward in enlarging 
the power of fluid inclusion studies. Traditional thermal decrepitation techniques already 
managed to produce useful fluid inclusion isotope data but suffer from certain reliability 
issues (e.g., Dennis et al., 2001; Simon, 2001; Verheyden et al., 2005). Continuous-flow 
low-temperature crushing techniques seem to circumvent most of these analytical 
problems and are capable of producing reliable hydrogen and oxygen isotope ratios of fluid 
inclusion water. Although the development of this novel analytical approach has barely 
outgrown its infancy, its functionality has already widely been demonstrated for paleo-
rainfall reconstructions when applied on speleothem calcites (e.g., Van Breukelen et al., 
2008; Rowe et al., 2012; Affolter et al., 2015; Labuhn et al., 2015; Millo et al., 2017)

Throughout the chapters of this thesis, the applicability of the fluid inclusion isotope 
record is explored for vein-type deposits and coralline skeletons. The overarching research 
questions revolve around the extent to which the use of the continuous-flow technique can 
be expanded towards mineralization systems involving more complex and ancient fluids 
than speleothems. What extremities in fluid inclusion chemistry and age may be reached 
while still preserving primary fluid inclusion isotope signatures? What processes preclude 
the utilization of fluid inclusion isotopes as a paleo-fluid record? What are the systematics 
of oxygen isotope fractionation in basinal and biogenic fluid systems? The four case 
studies presented in this thesis have provided exploratory insights into these fundamental 
questions. The first thing that comes forward is that fluid inclusion water extracted from 
veins and biominerals display highly systematic isotope patterns that may indeed relate to 
original mineral-forming fluids. On that basis, the data can potentially be used to elucidate 
million-years old fluid flow patterns in basins and skeletogenesis in corals.
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6.2 Vein-type deposits
6.2.1 Case study recap
Vein-type deposits may develop across a wide range of geological settings. 

The three vein-based case studies in this thesis focus on a passive margin rift basin 
(Chapter 2), an active fold-and-thrust belt (Chapter 3) and an ancient orogen 
(Chapter 4). The three case studies hold a clear increment in complexity in fluid 
chemistry, fluid flow patterns and mineral assemblages. Fluid inclusion isotope data 
demonstrate their suitability for fluid provenancing – albeit to a variable extent – 
in each of the three case studies, especially when integrated with complementary 
structural, petrographic and geochemical data. Hydrogen and oxygen isotope 
signatures of the vein-forming paleo-fluids are highly variable throughout the case 
studies (Figure 6.1), but cover an overall range that is typical for waters observed in 
modern sedimentary basins (e.g., Clayton et al., 1966).

Calcite veins hosted in the carbonate rocks of the Jandaíra Formation 
presented ideal sample material for a probing investigation on the applicability of 
fluid inclusion isotope analysis on ancient vein deposits. Despite their considerable 
age (Cretaceous-Paleogene), these veins have not been exposed to high temperatures 
or excessive tectonic stresses and have, therefore, remained largely devoid of 
deformational stresses. The fluid inclusion isotope record exhibits a clear meteoric 
signature, pointing to upwelling of groundwater from depth during periods of 
fracturing-enhanced permeability. Oxygen isotope fractionation factors provide 
temperature constraints pointing to vein precipitation during early burial at depths 
of 400 to 900 m.

The success of fluid inclusion isotope analysis in the low-temperature 
meteoric system of the Jandaíra Formation raised the question as to what degree 
it were applicable on veins in more complex geological settings. In the Ionian Zone 
of Albania, calcite vein networks developed during multiple events of fracturing 
and fluid flow that were instigated by fold-and-thrust tectonics. Although the fluid 
flow system is again dominated by ascending meteoric fluids, an unmistakable 
contribution of deep-seated marine connate fluids is recognized in the fluid inclusion 
isotope data. The temporal evolution of fluid inclusion isotope signatures suggests 
that these connate fluids were gradually flushed out of the system due to continued 
throughput of meteoric recharge.

The complexity of the fluid flow system was driven up even further in 
the study on high-temperature vein-type ore deposits from the Harz Mountains. 
Fluid inclusion isotope data were acquired for a variety of mineral types (i.e., 
calcite, quartz, fluorite, barite and metal sulfides). In contrast to the Brazilian and 
Albanian case studies, oxygen-bearing vein minerals from the Harz Mountains 
(i.e., calcite and quartz) experienced post-entrapment alteration of δ18Ow ratios 
due to temperature-forced isotope exchange with the mineral phase. Nevertheless, 
fluid inclusion isotope signatures evidence mixing of high-temperature metal-
bearing fluids with lower temperature fluids derived from shallow-crustal levels. 
This fluid mixing system remained temporally and spatially remarkably stable and 
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facilitated the deposition of vast ore bodies. Albeit a vein system of Mesozoic age, 
fluid inclusions in this case study are capable of retaining isotope information on 
original mineralizing fluids. 

The increasing complexity throughout the case studies allowed for assessing 
the extent to which the hydrogen and oxygen isotope record of vein-hosted fluid 
inclusions can be linked to paleo-fluids. Low-temperature tectonically quiescent 
systems as observed in the Jandaíra Formation are ideal settings, but at the same 
time rare in the dynamic crust of the Earth. Nonetheless, even for ancient high-
temperature veins – which are more prone to post-entrapment alteration processes 
– the record has potential for resolving fundamental questions regarding the timing, 
character and patterns of fluid flow in the subsurface. Since basinal fluids commonly 
display isotope variations exceeding 10‰ for δ18Ow, as shown in the fluid system 
of the Harz Mountains and the Albanides, an analytical precision of 1‰ is already 
sufficient for obtaining meaningful data. Speleothem studies, in comparison, require 
a much higher precision in order to discern distinct climate intervals; a mere 1‰ 
shift in δ18Ow can already relate to a significant change in climate (e.g., Van Breukelen 
et al., 2008).
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Figure 6.1   Composite plot of fluid inclusion isotope data of the three vein-
based case studies. The overall isotope range is similar to that of subsurface 
fluids observed in modern basinal settings (e.g., Clayton et al., 1966). Isotope 
signatures of calcite- and quartz-hosted fluid inclusion water from the Harz 
Mountains are not included since these are probably affected by post-entrap-
ment δ18Ow alterations.
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6.2.2	 Fracturing,	fluid	flow	and	vein	mineralization
Isotope data of vein-hosted fluid inclusions offer an exceptional opportunity 

for identifying the provenance and temperature of ancient vein-forming fluids. 
Within a sound structural and petrographic framework, fluid inclusion isotope 
data have demonstrated their potential use for accurately reconstructing spatial 
and temporal variations in paleo-fluid flow patterns in the subsurface. An adequate 
understanding of subsurface fluid flow dynamics is especially relevant for tight 
rock formations with a purely fracture-controlled permeability, whereas porous 
formations may accommodate fluid flow also in the absence of fracturing. Naturally-
fractured carbonate rocks as studied in Brazil and Albania are exceptional examples 
of tight formations that function alternatively as a sealing or reservoir unit depending 
uniquely on fracturing intensities.

The fluid flow patterns that are installed in the subsurface depend strongly 
on the tectonic regime and the stratigraphic and structural architecture. In fold-and-
thrust belt settings like the external Albanides, high hydraulic heads in the deformed 
hinterland provide the potential energy for instigating basin-ward groundwater 
transport and fluid upwelling in the foreland. Far-field tectonic stresses induced 
by thrusting in the orogenic wedge may contribute to the basin-ward expulsion 
of fluids, as is often proposed in so-called ‘squeegee’ models (Machel and Cavell, 
1999). The isotope evolution of migrating fluids in the Albanide fold-and-thrust belt 
supports such a model involving the continuous outward flow of meteoric fluids. At 
the same time, however, the isotope differences between fluids circulating in each 
of the three thrust sheets (i.e., Çika, Kurveleshi and Berati) emphasize that lateral 
variations in stratigraphy and tectonic evolution may result in considerable local 
differences in fluid flow dynamics within a single fold-and-thrust belt; this again 
stresses how complicated the prediction of subsurface fluid flow can be.

Even in the absence of tectonic forces, burial stresses that build up during 
subsidence may already be sufficient to initiate fracturing. In fact, both in the 
Albanides and the Potiguar Basin, small-scale fracturing and fluid flow was most 
ubiquitous during the early burial stage. Whereas traditional ideas favored the 
notion that fractures in outcrops are predominantly a feature of exhumation and 
thus irrelevant for buried reservoirs or seals, there is an increasing awareness that 
early burial fracturing could be a widespread phenomenon and crucial in governing 
subsurface fluid flow dynamics (Lavenu and Lamarche, 2017). Furthermore, early 
burial fracture assemblages possibly constitute a structural framework that controls 
rock deformation during later exhumation. Both in the Albanides and the Potiguar 
Basin, we found proof of the reactivation of syn-subsidence fractures, which typi-
cally grow in length during exhumation activity.

Hydraulic pressures may build up in confined reservoirs during subsidence 
and provoke fracturing of overlying rock formations (Roberts and Nunn, 1995; 
Cosgrove, 2001). Such hydraulic overpressures facilitated fracturing in the carbonates 
in the Potiguar Basin and the Albanide fold-and-thrust belt and induced fluid 
upwelling from depth. When hydraulic pressures drop due to the expulsion of fluids, 
fractures get sealed due to vein cementation and rock permeabilities decrease. As a 
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result, fluid expulsion ceases and hydraulic pressures at depth may increase again. 
Cyclic permeability variations related to the competing forces of fracture opening 
and vein cementation come forward in banded crack-and-seal structures in vein 
cements. Apart from hydraulic overpressures, pulsating tectonics may also instigate 
episodic supplies of deep-seated fluids to fracture networks (Sibson et al., 1975). 
Such tectonic pumping could be the main driver behind the development of banded 
vein deposits in the Harz Mountains. Vein-type deposits from the Harz Mountains 
reveal that mixing of fluids from different crustal levels allowed for the widespread 
deposition of vast ore bodies. Fluid mixing may drive rapid supersaturation of basinal 
fluids within a restricted rock volume and is often cited as the main mechanism 
underlying economically important ore deposits (Wilkinson, 2001).

The fluid systems of the three case studies presented in this thesis are 
dominated by connate marine fluids and meteoric waters. Magmatic or metamorphic 
fluids are common in subsurface fluid systems but were not of major importance in 
any of the studied vein systems. Nevertheless, the Harz Mountains do host minor 
vein mineralization that developed from magmatic fluids derived from porphyry-
domes. Fluid inclusion water hosted in three samples of such porphyry minerals 
display highly depleted δ2Hw and δ18Ow signatures, down to −107.2‰ and −14.8‰ 
respectively (Figure 6.2). Although strong 2H depletions are surely expected in 
magmatic fluids, the δ18Ow is unlikely original possibly due to in-situ oxygen 
isotope re-equilibration. Although the precise forces behind this require further 
investigation, the use of fluid inclusion isotope data from minerals in magmatic 
settings could present an even bigger challenge than regular hydrothermal vein-type 
minerals.
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Figure 6.2   Isotope signa-
tures of fluid inclusions in 
a set of porphyry minerals 
from the Harz Mountains 
display a strong depletion 
in 18O with respect to 
expected isotope values of 
primary magmatic water. 
This could possibly be a 
sign that post-entrapment 
equilibration has obliterat-
ed original oxygen isotope 
signals. Values for δ2Hw are 
in good agreement with 
primary magmatic water.
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6.2.3	 Oxygen	isotope	fractionation	in	vein	systems
6.2.3.1 Equilibrium vs. disequilibrium
Carbon and oxygen isotope data of calcite vein cements find a widespread 

use in fluid provenancing studies. In thermodynamically equilibrated systems, the 
degree of fractionation between δ18Ow and δ18Oc holds a direct relation to fluid 
temperature (McCrea et al., 1950; O’Neil et al., 1969; Kim and O’Neil, 1997). Since 
few reliable techniques exist to directly measure δ18Ow values of fluid inclusion water, 
many studies resort to δ18Ow predictions of paleo-fluids by using known δ18Oc values 
and temperatures (e.g., from microthermometry) and assuming oxygen isotope 
equilibrium (e.g., Robinson, 1975; Zheng and Hoefs, 1993a; Wilkinson, 2010). Fluid 
inclusion isotope analysis does enable the direct acquisition of δ18Ow data, which 
gives along with δ18Oc data the unique opportunity to investigate how common 
oxygen isotope equilibrium really is during vein precipitation.

As for the veins from the Jandaíra Formation, oxygen isotope fractionation 
factors point to a narrow range of vein precipitation temperatures that fits excellently 
with independent depth estimates from Fourier Power Spectrum (FPS) analyses of 
stylolites and stress modeling as reported in Bertotti et al. (2017); this indicates that 
the vein-forming fluids could indeed well be in oxygen isotope equilibrium. In the case 
studies on the Harz Mountains and the Albanides, in contrast, calculated temperatures 
fall far below what would realistically be expected. As for the Harz Mountains, this 
discrepancy can at least partially be ascribed to post-entrapment oxygen isotope 
exchange between fluid inclusion water and host minerals. Fractionation factors of 
the veins from the Albanides, however, point to temperatures that may even be sub-
zero, which cannot be achieved through re-equilibration and provides convincing 
evidence for a fluid system that was not in oxygen isotope equilibrium ab initio. Even 
though the infiltration of secondary fluids may isotopically alter bulk fluid inclusion 
content and thereby cause apparent errors in the δ18Ow/δ18Oc paleothermometer, it 
is unlikely to account for the entire temperature offset as observed in the veins from 
the Albanides.

Although oxygen isotope equilibrium in vein-forming fluids appears to be a 
well-accepted assumption, it could thus be an oversimplification. This is illustrated, 
for example, when looking at the study of Van Geet et al. (2002), who estimated that 
the δ18Ow of vein-forming fluids in the Albanides would range from 3 to 6‰ based 
on a precipitation temperature of 50˚C and similar δ18Oc data as we found. This 
estimated range contrasts considerably to actual δ18Ow values as we have measured 
(i.e., −7 to 1‰), showing that erroneous estimates may be produced when assuming 
oxygen isotope equilibrium for a fluid system that in reality is not in equilibrium.

Besides, it is debated as to what extent laboratory observations can be 
extrapolated to fluid systems in nature that are identified to be in equilibrium. Coplen 
(2007) demonstrated that in the natural laboratory of the Devils Hole calcites, which 
are assumed to be in equilibrium due to their exceptionally slow growth rates, 
temperatures calculated from oxygen isotope fractionation underestimate actual 
precipitation temperatures by ± 8˚C when using the equation of Kim and O’Neil 
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(1997). As a result, Coplen (2007) proposed an alternative equation to account 
for this underestimation. Since this equation may be more representative for vein 
settings than the experimental equation of Kim and O’Neil (1997), the calculated 
depths for vein precipitation in the Brazilian case study may actually represent 
underestimations by several hundreds of meters. Although this would not have 
direct consequences for the hydrogeological model presented, an underestimation 
of such a magnitude is certainly considerable.

6.2.3.2 Kinetic and physicochemical effects
Kinetic effects are well-known to drive DIC-bearing fluids out of oxygen 

isotope equilibrium in speleothem and travertine settings (Kele et al., 2008, 2011; 
Watkins et al., 2013). Typical causes for kinetic effects in these systems are CO2 
degassing and high precipitation rates. Now, can such kinetic processes also drive 
subsurface fluids out of equilibrium? In speleothem and travertine setting, CO2 
degassing is particularly feasible due to direct contact of the calcifying fluid with 
ambient cave or surface air. Even though subsurface fluid systems are not ventilated, 
CO2 may still escape when ascending fluids depressurize and start to effervesce. 
In fact, CO2 outgassing related to effervescence is known as a potential driver for 
calcium carbonate precipitation in fracture networks (Zheng and Hoefs, 1993).

Kinetic effects associated with both CO2 outgassing and high precipitation 
rates result in 18O enrichments of precipitating calcite and, consequently, with 
underestimations of precipitation temperatures (Scholz et al., 2009; Gabitov et al., 
2012; Affek and Zaaur, 2014). Yan et al. (2012) observe that fast precipitation in 
travertine systems may entail temperature underestimations of up to 15˚C when 
using the equation of Kim and O’Neil (1997). In the most common case of HCO3

-

-dominated systems, the precipitation rate effect is related to a Rayleigh type-
fractionation that preferentially de-protonizes isotopically light HCO3

- (Mickler et al., 
2004; Dreybrodt, 2008). Whenever precipitation rates overcome the time required for 
equilibration (i.e., ± 1000 min; Zeebe and Wolf-Gladrow, 2001), the HCO3

- pool and 
associated calcite cements get progressively enriched in 18O. Although precipitation 
rates in vein systems are poorly constrained, fluid-filled fractures – which basically 
comprise a thin body of water (mm to cm-wide) enclosed by two large surfaces of 
carbonate rock – could be ideal for achieving fast precipitation and strong kinetic 
effects. Possibly, discrepancies between oxygen isotope fractionation factors and true 
precipitation temperatures could be used as a fingerprint for high precipitation rates. 

Apart from kinetic effects, variations in fluid chemistry may shift the oxygen 
isotope equilibrium in DIC-bearing fluids and cause offsets between calculated 
and true precipitation temperatures. Factors that have been postulated to influence 
oxygen isotope fractionation include pH (Beck et al., 2005), Mg2+ concentration 
(Mavromatis et al., 2012) and initial carbonate concentration (Zeebe, 1999). Fluid 
acidity is particularly capable of considerably shifting the oxygen isotope equilibrium 
as it directly controls the speciation of DIC in solution (Beck et al., 2005; Dietzel et al., 
2009). At the same time, however, the pH of carbonate-dominated fluids in nature is 
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largely buffered. Therefore, a large pH effect on oxygen isotope fractionation may not 
be probable for geohydrological systems where carbonate-dominated fluids prevail, like 
in the Albanides. Fluid pressures are generally assumed to have an insignificant effect 
on oxygen isotope fractionation; only at pressures above 20 kbar (i.e., 2000 m depth), a 
small but noticeable effect can be measured (Polyakov and Kharlashina, 1994). 

In brine-like fluids, the oxygen isotope equilibrium may be shifted by up to 
2‰ depending on the solute content (Truesdell, 1974; Hu and Clayton 2003). This 
would be particularly relevant for the fluid system of the Harz Mountains, which 
is dominated by NaCl-CaCl2-rich brines (Lüders et al., 1993a). At the same time, 
a salinity effect cannot realistically account for the entire temperature discrepancy 
observed in the Harz case study. Altogether, high precipitation rates and CO2 
outgassing seem more efficient in driving DIC-bearing fluids out of equilibrium than 
variations in physicochemical parameters. The oxygen isotope equilibrium inferred 
for calcite vein deposition in the Jandaíra Formation could, thus, be indicative of 
relatively low precipitation rates with respect to the out-of-equilibrium vein cements 
in the Albanide system. Long residence times of fluids in the fracture network of the 
Jandaíra Formation are supported by the typically non-matching aspect of vein walls, 
which implies a considerable period of fluid circulation and host rock dissolution.

As for the Harz Mountains, it is hard to determine whether mineral-forming 
fluids were in equilibrium, since recorded δ18Ow values of calcites are probably not 
original anymore due to post-entrapment oxygen isotope exchange. However, if the 
fluid system were in disequilibrium, then the estimates for original δ18Ow values 
of metal-rich brines as presented in Chapter 4, which are calculated based on the 
assumption of isotope equilibrium, could in fact be significant overestimations. At 
the same time, calculated δ18Ow values for calcites of the fluorite stage fall precisely 
in the δ18Ow range of co-genetic fluorites (Figure 4.9), which does suggest that fluids 
were in oxygen isotope equilibrium during the fluorite stage. Such an observation 
cannot be made for calcites that precipitated during the sulfide stage, making the 
calculated δ18Ow values for metal-rich brines responsible for banded ore formation 
questionable.

6.2.3.3	Slickenfibers:	slowly	growing	calcite
In the Albanide fold-and-thrust belt, we also sampled and isotopically 

characterized calcite slickenside deposits (slickenfibers) from four distinct outcrops 
(Table 6.1). This kind of mineralization forms at the interface of strata that slide over 
one another during folding (Passchier and Trouw, 2005; Figure 6.3). Precipitation 
rates of slickenside deposits are likely considerably lower compared to vein deposits, 
since the accommodation space that is required for slickenfiber deposition develops 
slowly and gradually, whereas accommodation space provided by fractures may be 
created more instantaneously. The slickenside calcites sampled in the Albanides are 
related to the syn-folding phase of deformation. Their fluid inclusion isotope ratios 
are similar to those of the calcite veins, indicating that both mineralization types 
formed within the same fluid system. 
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Interestingly, calculated equilibrium temperatures for the slickenside calcites 
using the equation of Kim and O’Neil (1997) average at 44˚C; this is significantly 
higher than syn-folding veins, which yield precipitation temperatures of 7˚C 
on average, and possibly even realistic for true temperatures of deposition. The 
temperature disparity between the slowly growing slickenside calcites and the rapidly 
growing veins would support the hypothesis that high precipitation rates caused 
the oxygen isotope disequilibrium in the vein system of the Albanides. It should be 
noted, though, that the possible continuous exposure of slickenside calcites to high 
strain raises the question as to what extent primary fluid inclusions are preserved in 
this mineralization type. Nevertheless, fluid inclusion isotope analysis of slickenside 
deposits could be an interesting line of research for future studies.

The bottom-line of the foregoing discussion on oxygen isotope fractionation 
during vein precipitation is that little is known yet on the factors influencing fluid-
DIC equilibration in vein systems. Since equilibrium precipitation of calcium 

Figure 6.3   Calcite slickenside deposits on a bedding plane in the outcrop of 
Kelçyrë in the Berati belt. Slickenside calcite grows in accommodation space that 
is created through slip along bedding interfaces.

Table 6.1   Isotope data of calcite slickenside deposits that were retrieved from four 
outcrop locations in the Ionian Zone of Albania. Temperatures were calculated using 
the equation of Kim and O’Neil (1997).

Sample location δ18Ow δ2Hw δ13Cc δ18Oc Temperature (˚C)
Metoq −5.7 −34.0 0.9 −12.3 50
Sopik 3.4 −31.7 2.3 −5.1 60
Jorgucat 1.9 −17.4 2.0 −3.2 40
Kelçyrë −4.3 −37.9 2.1 −6.8 27
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carbonate is already hard to achieve in laboratory experiments, judging from the long 
series of experimental studies on this topic (e.g., O’Neil et al., 1969; Kim and O’Neil, 
1997; Zheng, 1999, 2011; Kim et al., 2006; Zhou and Zheng, 2006; Devriendt et al., 
2017), it may in fact be not surprising that disequilibrium is common in subsurface 
fluids. An ever-increasing number of workers argue that disequilibrium could be 
common in inorganic mineralization systems (Yan et al., 2012; Watkins et al., 2014). 
For that reason, the use of thermodynamic equilibrium equations for estimating 
δ18Ow values from known δ18Oc and temperature data may be inaccurate, especially 
for vein minerals that precipitated rapidly. Furthermore, certain physicochemical 
parameters may cause shifts in the oxygen isotope equilibrium and add another 
degree of uncertainty to the accuracy of the δ18Ow/δ18Oc paleo-thermometer. The 
power of the fluid inclusion isotope record resides in the fact that it provides a work-
around for isotopically characterizing vein-forming fluids that were not in oxygen 
isotope equilibrium.

6.2.4	 Post-entrapment	alteration	of	fluid	inclusion	water
6.2.4.1	Vein-forming	fluids	vs.	diagenetic	fluids
Fluid inclusion isotope data of vein deposits prove to be useful for investi-

gating paleo-fluid flow patterns and oxygen isotope fractionation systematics. Still, 
the high temperatures and stresses (e.g., tectonic, burial) to which vein minerals may 
be subjected pose a particular challenge for adequately interpreting fluid inclusion 
isotope signatures. Thermal and tectonic stresses are unfavorable for the preserva-
tion of primary fluid inclusion water, especially considering the millions of years that 
may have elapsed since vein deposition. Precise constraints on the isotopic stability 
of fluid inclusion water through geologic time are essential for the fluid inclusion 
isotope record to provide convincing and conclusive evidence. The work presented 
in this thesis allows for compiling an overview of the processes capable of distorting 
primary isotope signals in fluid inclusion water.

A petrographic analysis of samples is prerequisite for determining whether 
fluid inclusion contents are representative of original vein-forming fluids or rather 
later diagenetic fluids. The arrangement of fluid inclusions can reveal the extent 
to which external fluids infiltrated along micro-fractures or other structural 
discontinuities, which is especially feasible in minerals with well-developed cleavage 
planes. Recrystallization is another process that may obliterate primary fluid inclusion 
signals and can be assessed through studying vein textures. Besides petrographic 
observations, isotope archives of vein cements may also give good indications 
regarding recrystallization. Especially clumped isotope data, which provide 
crystallization temperatures, could be valuable for obtaining clues as to the originality 
of vein cements. Probing clumped isotope measurements of two calcite samples 
from the Harz Mountains – not reported in Chapter 4 – point to high crystallization 
temperatures that are similar to expected temperatures of vein formation (150˚C for 
sample HZ27 and 262˚C for sample HZ41). This supports the notion that these vein 
calcites are original (i.e., preserved their original oxygen isotope composition).
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In the view of recrystallization processes, sample selection demands 
particular attention. Superficial outcrop samples may get readily altered due to 
their protracted exposure to surface waters. Veins from strongly deformed areas 
(e.g., the hinge zone of folds) may best be avoided, as they are prone to excessive 
pressures that could facilitate fluid inclusion remobilization. The detrimental effects 
of recrystallization come forward in a set of calcites from the St. Andreasberg 
district in the Middle Harz Mountains, which experienced partial recrystallization 
as evidenced by their anomalous δ13Cc and δ18Oc isotope composition (Zheng and 
Hoefs, 1993). Recrystallization in these calcites caused fluid inclusion water isotope 
signatures to deviate noticeably from unaltered calcites (Figure 6.4). Sample Te1 
from the Albanian case study is another example of a vein that is clearly affected 
by recrystallization (Figure 3.10). Recrystallization was probably facilitated by the 
prolonged surface exposure of this vein, which therefore acquired a meteoric fluid 
inclusion isotope signature that diverges from the general isotope evolution trend of 
fluids in the Albanide fold-and-thrust belt. Both examples highlight that a failure to 
identify and exclude samples dominated by secondary fluid inclusion contents may 
set one up for erroneous interpretations.

6.2.4.2 In-situ isotope alteration processes
Besides recrystallization and fluid infiltration, in-situ isotope re-equilibration 

between oxygen-bearing host minerals and fluid inclusions is capable of affecting 
fluid inclusion isotope signatures. In the Harz Mountains, the temperature drop that 
vein minerals experienced since deposition forced a decrease in δ18Ow exceeding 4‰ 
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in calcite and quartz-hosted fluid inclusion water. In contrast, fluid inclusion isotope 
signatures of vein calcites from the Jandaíra Formation plot exactly on the GMWL. 
This points to an absence of post-entrapment oxygen-isotope exchange in spite 
of the decrease in ambient temperatures from 40˚C at the time of vein formation 
to 20˚C in the present-day, which theoretically could have entailed a decrease 
in δ18Ow of approximately 4‰. As for veins from the Albanides, anomalously 
low equilibrium temperatures down to −12˚C are preserved, which excludes full 
isotope re-equilibration between hosting minerals and fluid inclusion water in this 
system as well. Oxygen isotope exchange rates are probably limited at near-surface 
temperatures, which agrees with previous ideas of suchlike exchange being restricted 
to high-temperature domains (Rye and O’Neil, 1968). In the Harz calcites, we do not 
see a complete re-equilibration either with temperatures remaining ‘stuck’ at 40 to 
80˚C. It is noteworthy, though, that fluid chemistry (e.g., pH) may play a (minor) 
role in giving anomalous temperatures for fluid-mineral pairs while being in isotope 
equilibrium.

Adequate prediction of the extent of oxygen isotope exchange would allow 
for more reliable estimates of original δ18Ow values in oxygen-bearing vein minerals 
from high-temperature settings. Oxygen isotope exchange rates, however, are 
difficult to predict due to their dependence on the initial shapes, sizes, chemistry 
and thermal evolution of fluid inclusions. Inclusion shapes with a low surface free 
energy (e.g., negative crystal-shaped), for example, would be less prone to exchange 
than irregular formed inclusions (Goldstein and Reynolds, 1994). Tectonic strain 
could also promote the migration and isotope re-equilibration of fluid inclusions 
(Roedder and Skinner, 1968). Since oxygen isotope exchange rates depend upon 
factors that are difficult to constrain, the δ18Ow of oxygen-bearing minerals from 
high-temperature settings should always be approached with caution. 

At the same time, δ2Hw ratios are considerably less susceptible to in-situ 
isotope alteration processes, because there is mostly no hydrogen in host minerals to 
react with. Hence, fluid mixing is readily revealed if considerable δ2Hw variations are 
present. This notion is of great value as demonstrated by fluorite stage mineralization 
in the Harz Mountains. Even though fluid inclusion salinity ratios are homogenous 
for fluorites and calcites from this stage and apparently indicate a single fluid system, 
the wide range in δ2Hw shows that fluid mixing did occur. Fluid inclusion salinity 
ratios may fail to identify a mixing system with a low salinity fluid and a high salinity 
fluid, in which the latter could dominate the salinity signature independent of the 
contribution of both.

Altogether, an adequate petrographic and chemical framework is of great 
importance in any bulk fluid inclusion study to account for possible effects of post-
entrapment alteration processes. As the geological complexity and age of a vein 
system increases, the amount of retrievable information inevitably diminishes. 
Nevertheless, mineral deposits dating back to the Mesozoic may stand the test of 
time and retain original fluid inclusion isotope information, as shown for the veins 
from Brazil (Cretaceous-Paleogene), Albania (Cretaceous-Present) and to a certain 
extent even the high-temperature setting of the Harz Mountains (Mesozoic).
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6.3	 Coral	skeletons
6.3.1 Research scope
Isotope characterization of fluid inclusion water in biogenic minerals 

represents a cutting-edge approach that is only preceded by the preliminary study 
of Lécuyer and O’Neil (1994). In comparison to abiogenic vein or speleothem 
systems, entering the biogenic realm adds a new degree of complexity with 
abundant physiological processes that play a role in isotope fractionation. Despite 
innumerable studies on biomineralization in corals, the state-of-the-art knowledge 
is divergent with debate persisting on the precise mechanism of skeletal aragonite 
precipitation. The development of new research approaches is ever continuous 
in an attempt to resolve the key questions in the science of biogenic calcification. 
Especially knowledge on the precise character of the calcification fluid is limited. 
In the absence of reliable isotope data, the common assumption is made that the 
calcification fluid is derived directly from seawater. Isotope characterization of the 
water from which the aragonite forms would bring us one step closer to unravelling 
the exact biomineralization process in corals. Ultimately, this finds its relevance in 
addressing the question of how resistant corals are to environmental changes in 
temperature, pollution and seawater acidity (e.g., McCulloch et al., 2012; Putnam 
et al., 2017).

In contrast to traditional beliefs, the recorded fluid inclusion isotope data 
in our study on cold-water corals display a large variation that does not resemble 
seawater. Post-depositional alteration processes are not relevant in the study on 
recent (Holocene) coral specimens, which did not experience significant thermal 
or tectonic stresses after deposition that may cause fluid inclusion remobilization. 
Only the presence of organics opens up the possibility of the release of non-fluid 
inclusion water during analysis. However, the release of organically bound water 
only occurs at temperatures far above those to which samples are exposed during 
sample crushing (± 110˚C). In this sense, coralline aragonite constitutes a suitable 
type of sample material for fluid inclusion isotope analysis.

6.3.2	 Calcification	model
Fluid inclusion water in cold-water corals holds a sharp co-variation 

between δ2Hw and δ18Ow. Especially the large range in δ2Hw provides a strong 
indication that the calcifying fluid is composed of water derived from at least two 
distinct sources. In the deep-sea, the only two realistic water sources are seawater 
and metabolic water produced by the coral through the digestion of organic matter. 
Seawater would have an isotope value of 0‰ for both δ2Hw and δ18Ow. Metabolic 
water is estimated to be more depleted in both isotope ratios (-66‰ δ2Hw and -19‰ 
δ18Ow). Interestingly, isotope values plot along a trend that is similar to the mixing 
line between these two end-members, only with an appreciable offset towards higher 
δ18Ow values. This offset may well reflect a fractionation step in the hydration water 
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of calcium carbonate precursor particles, which in the latest models are proposed to 
be the main building blocks for the aragonite skeleton of corals (Mass et al., 2017; 
Von Euw et al., 2017). 

Hydration water refers to shells of water molecules around charged particles 
- in this case Ca2+ and CO3

2- ions - that are isotopically fractionated with respect to 
the bulk mineral-forming fluid. Isotope offsets in mineral-hosted hydration water 
are well studied in gypsum deposits (CaSO4×2H2O), in which the hydration water 
exhibits a fractionation step that is similar in magnitude to the offset that coralline 
fluid inclusion water displays. Although the isotope offset in gypsum hydration water 
is similar, it should be noted that the hydration shell of SO4

2- ions might be distinct 
from that of CO3

2-. Literature information on isotope fractionation in the hydration 
shell of CO3

2- is scarce but would be needed to validate the proposed explanation for 
the observed fluid inclusion isotope variations.

A model with a hydrated ACC precursor would also explain why the included 
fluids are petrographically not visible in coralline skeletons. The hydration water only 
gets released after the hydrous ACC particles are converted into aragonite. At this 
point, the hydration water is expulsed and probably occupies intercrystalline spaces. 
This way of fixing fluid inclusions is, thus, fundamentally different compared to 
abiogenic (vein) minerals, where mineral nucleation and fluid inclusion entrapment 
occur directly on the growing crystal surfaces. The fluid inclusion isotope similarity 
between the various coral taxa that we analyzed indicates that our findings could 
widely apply to corals in general.

Similar to the vein systems presented in this thesis, most coral specimens 
produce erroneously low temperatures when using the paleo-thermometer of 
Kim and O’Neil (1997). Only samples that are close to the seawater end-member 
yield a realistic temperature of approximately 10˚C. The cause behind the out-of-
equilibrium effect towards metabolic end-member is unknown but probably related 
to high precipitation rates at the site of calcification (i.e., kinetic effect).

6.3.3	 Fluid	inclusion	isotopes	as	a	proxy
Isotope data of fluid inclusions in biogenic minerals opens up an unprece-

dented view on the mechanism of skeletogenesis and could be used to discriminate 
between biomineralization systems that build on hydrous ACC particles and systems 
that do not. Besides, the fluid inclusion isotope record may have potential as a proxy 
for paleo-environmental parameters. Since fluid inclusion isotope variations in coral 
skeletons are predominantly controlled by metabolic production rates, they could 
possibly tell something about nutrient availability and coral vitality in general. Our 
primary findings seem to reveal a grouping in isotope signatures per sampling loca-
tion in the Logachev Mound province (Figure 6.5), which could indeed indicate that 
local environmental conditions are translated into the fluid inclusion isotope archive. 
Shifts in the metabolic state within a single reef ecosystem may possibly be rapid 
as indicated by the high-frequency fluid inclusion isotope variations throughout 
the core from the Santaren Channel (Figure 5.11). Considerable isotope variability 
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could even exist within single coral specimens. Internal variations, however, remain 
unconstrained due to the sample size requirement for fluid inclusion isotope analysis 
being minimum 0.5 g.

To figure out the true potential of the fluid inclusion isotope proxy, we 
would need a better confinement of the environmental parameters and growth 
rates of the coral specimens that we analyze. Now, these aspects were not taken into 
account since the potential of the fluid inclusion isotope record was unclear from the 
onset. Nitrogen isotopes (δ15N) of skeletal-bound organics are a tracer for nutrient 
variability and pollution (Duprey et al., 2017; Wong et al., 2017) and might provide an 
accessory tool for appraising the relationship between fluid inclusion water isotopes 
and coral vitality. Just like rising seawater temperatures and acidity, pollution may 
put corals under severe stress. This can lead to the expulsion of zooxanthellae in 
symbiotic corals, which would thereby lose their primary food source impairing 
their metabolic activity and growth rates (Goreau and Macfarlane, 1990). 

Coral species living in highly variable environments would be especially 
suitable for examining the effect of environmental changes on fluid inclusion 
isotope signatures. Porites sp. could be an interesting species, for example, as it lives 
in shallow-marine environments around the world and can withstand considerable 
variations in temperature and seawater pollution. Red algae (Rhodophyta) could 
also be an interesting research target. This marine calcifier precipitates calcite rather 
than aragonite and could, therefore, potentially be analyzed far back into time (i.e., 
outcrop samples). Vein systems already demonstrated that fluid inclusions in calcite 
might remain isotopically stable over long time periods.

-80

-60

-40

-20

0

20

40

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

δ2
H

w
(‰

 v
s. 

V
SM

O
W

)

δ18Ow (‰ vs. VSMOW)

 Lophelia 2012

 Lophelia 2005

 Lophelia 2003

Seawater

Figure 6.5   Fluid 
inclusion isotope 
data of L. pertusa 
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6.3.4	 Resilience	of	corals	to	environmental	change
The inferred isotope signatures of the calcification fluid fit with the latest 

advances in coral research, which advocate aragonite fixation through clumping of 
hydrated ACC precursor particles and a physical disconnection between the coral 
skeleton and ambient seawater. Traditional ideas assume direct inflow of ambient 
seawater into an extra-cellular calcifying fluid at the tissue-skeleton interface; 
therefore, it is generally believed that ocean acidification would have disastrous effects 
on the coral wealth in the oceanic realm (Hoegh-Guldberg et al., 2007). Although a 
low ocean pH certainly disfavors coral growth, a model with calcification in secluded 
zones within the coral organism may imply that corals have a higher resilience to 
drifting environmental parameters than mostly expected. Only after the coral died 
and the tissue disintegrated, the skeleton does become exposed to ambient seawater. 
From that moment on, dissolution and destabilization of the coralline substratum 
may occur more rapidly as oceans acidify; this, however, is not directly related to the 
vitality of corals (Mass et al., 2017). 

When looking into the geological record, we indeed see that corals survived 
periods with strongly elevated atmospheric CO2 levels and ocean acidity, like in the 
Cretaceous ‘greenhouse’ world (Pandolfi and Kiessling, 2014). Although the daunting 
prospect of a mass extinction of corals may be improbable, it is beyond dispute that 
anthropogenic activity has a serious impact on coral ecosystems (Kayanne, 2016). 
Elevated seawater temperatures are well-known to provoke coral bleaching and a 
strong decline in coral wealth in tropical waters around the world (Glassom, 2014; 
Hughes et al., 2017, 2018).

6.3.5	 Inclusion	water	from	coral	skeletons	in	basinal		
	 	 fluid	systems

The isotope characterization of fluid inclusion water in coralline skeletons 
may also have implications for basinal fluid flow systems (Lécuyer and O’Neil, 
1994). Although the precise processes that underlie the isotope variations may be 
discussed, we do know what kind of water is dragged down into the subsurface along 
with coral skeletons during burial. This entrapped water will get liberated at depth 
when the aragonite skeletons recrystallize into the more stable polymorph calcite. 
Since the fluid inclusion water is isotopically distinct from seawater, it could modify 
hydrogen and oxygen isotope values of fluids in subsurface reservoirs that are rich 
in coral-bearing rocks (Lécuyer and O’Neil, 1994).

The impact of the release of included fluids in corals on subsurface fluid 
flow depends on i) the amount of coralline skeletal material in the subsurface and ii) 
the fluid inclusion content of coral skeletons. One gram of coralline sample material 
yields approximately 0.5 ml of inclusion water when crushed. The total amount 
of fluid inclusion water in coral skeletons, however, is higher since mechanical 
crushing is incomplete. If we take a rock that consists for 20% of coral skeletons – 
which is comparable to the soft-sediment core from the Santaren Channel – with 
the skeletons containing in total 1.5 ml/g fluid inclusion water, then 1 m3 of sediment 
could potentially produce one liter of fluid inclusion water. 
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Although this quantity of water is probably insufficient to instigate 
widespread fluid circulation itself, coral-derived water could possibly modify the 
isotope signature of connate fluids. The notion that not all water entrapped in 
carbonate sediments necessarily has a seawater isotope signature is something to 
reckon with when studying basinal fluid flow. Particularly in basins that contain 
abundant coral reefs, coral-derived water may need to be accounted for. Otherwise, 
it could possibly lead to false ideas on fluid sources

6.4	 Outlook
Fluid inclusions in naturally occurring minerals are capable of locking 

in minute yet precious traces of paleo-fluids. The hydrogen and oxygen isotope 
composition of fluid inclusions may offer direct clues to the origin of mineral-
forming fluids and is, therefore, among the most sought-after records in the field of 
paleo-fluid research. Building on a decade of work on speleothem calcites, this thesis 
presented the first exploratory steps into the application of a novel methodology for 
accurate fluid inclusion isotope analysis on vein minerals and biogenic skeletons. 
The potential of continuous-flow crushing techniques for on-line isotope analysis 
of fluid inclusions continues to gain recognition. Technical advances and new takes 
on the technique as first presented in Vonhof et al. (2006) are developed in order 
to improve analytical precision and measuring efficiency (e.g., Arienzo et al., 2013; 
Dassié et al., 2018). One of the main downsides of the technique is the duration of 
the entire analytical procedure, which is still quite lengthy at 1.5 h per measurement. 
A boost of the measuring efficiency – which may be achieved through alignment of 
crusher cells for example – would allow for producing more reliable data sets with 
plentiful duple measurements.

As shown in the first three case studies, ancient vein-hosted fluid inclusions 
may preserve primary isotope signals of basinal paleo-fluids over geologic time. This 
positive outcome, however, does not directly guarantee that fluid inclusions will 
present a meaningful isotope record for any vein system. Post-entrapment alteration 
processes pose a particular challenge to the study of ancient vein minerals. Especially 
in oxygen-bearing minerals (e.g., calcite, quartz), temperature-forced oxygen isotope 
exchange is capable of inducing strong 18O depletions in fluid inclusion water after 
deposition. Correcting for such exchange would require solid constraints on the 
rates of equilibration per mineral. For this purpose, coeval mineral deposits with 
a different thermal evolution would be interesting study material (e.g., borehole 
versus outcrop samples). Clumped isotope data could also be exploited for obtaining 
initial precipitation temperatures per sample and assessing the extent of depletion 
in 18O that fluid inclusion water experienced. Finally, heating-cooling experiments 
of oxygen-bearing minerals could potentially provide insights into the kinetics of 
mineral-fluid oxygen isotope exchange. Broadly speaking, the diagenetic stability 
of fluid inclusion water (especially δ18Ow ratios) requires further quantification and 
research. 
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The question as to how common oxygen isotope disequilibrium truly is 
in calcite vein-forming fluids also remains open. An understanding of the kinetic 
effects that lead to isotope disequilibria is needed in order to exploit oxygen isotope 
fractionation factors as a reliable source of information. Calcium isotope signatures 
are dependent on precipitation rates and, therefore, function as a potential indicator 
for kinetic effects (Gussone et al., 2005). Analysis of calcium isotopes might also be 
an interesting pathway for elucidating the out-of-equilibrium behavior observed in 
coralline calcification. The power of the δ18Ow record is that it may directly relate to 
the calcifying fluid, whereas original fluid characteristics may get obscured in the 
δ18Oc record due to disequilibrium effects.

Altogether, the progress made indicates that the fluid inclusion isotope 
record of veins may be employed either as a stand-alone technique or an accessory 
tool in a greater geochemical toolbox for assessing paleo-fluid flow patterns in the 
subsurface and their evolution through time. For a convincing interpretation of 
fluid inclusion isotopes, additional data sources may be tapped to more accurately 
delineate the fluid flow system and assess the nature of included water (e.g., stable 
isotopes of mineral phases, methods for absolute dating like U-Pb, fluid inclusion 
salinity data, vein petrography, structural data). Numerical modeling can be used 
to investigate realistic fluid flow scenarios; this could be of value, for example, in 
the Albanides case study to verify whether the proposed large-scale fluid migration 
pathways are actually feasible in the studied fold-and-thrust system. 

The fluid inclusion isotope record of corals provided great insights into the 
process of biomineralization and is in line with state-of-the-art models involving 
aragonite fixation through clumping of hydrated ACC particles. The awareness 
of the harmful anthropogenic influence on coralline ecosystems is ever growing; 
increasing constraints on the coral physiology bring us step-by-step closer to 
comprehending the true resilience of corals to global change. The application of 
fluid inclusion isotope analysis on biominerals is a largely unexploited territory 
that may be expanded to assess to what extent the isotope patterns that are revealed 
in L. pertusa, Madrepora and Stylaster sp. are relevant for other coral species and 
even other biomineralization systems. The obvious next step in this research is to 
explore the potential of the fluid inclusion isotope record as a proxy for coral vitality. 
Minor variations in environmental parameters like ambient seawater temperature, 
pH and pollution may put corals under severe stresses, which may be reflected in 
their metabolic activity (i.e., health) and, consequently, in the fluid inclusion isotope 
signature of their skeletons. Precise information on environmental parameters per 
coral sample would facilitate making a potential coupling between fluid inclusion 
isotope signatures and coral vitality. Nitrogen isotopes (δ15N) of skeleton-bound 
organics would make an effective proxy for seawater pollution and sources of 
nutrients. Potentially, the fluid inclusion isotope record could even be applied on 
fossil specimens that fix the diagenetically more stable calcite polymorph to track 
environmental shifts through geologic time.
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The first steps into the application of continuous flow crushing devices for 
on-line fluid inclusion isotope analysis on veins and biogenic minerals are promising; 
their use is not merely restricted to well-behaved recent speleothem calcites. Isotope 
signatures of fluid inclusion water may be preserved over geologic time scales. Fluid 
inclusion isotope data are of interest in a wide range of geological disciplines, having 
great potential for understanding biomineralization and the instigators, patterns and 
timing of subsurface fluid flow. With the continuous improvement of techniques for 
the isotope characterization of fluid inclusions, the record could develop over time 
into a powerful tool in any fluid provenancing study.




