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Abstract
Dolomite precipitation models and kinetics are debated and complicated due to the complex and temporally ﬂuctuating
ﬂuid chemistry and diﬀerent diagenetic environments. Using well-established isotope systems (d18O, d13C, 87Sr/86Sr), ﬂuid
inclusions and elemental data, as well as a detailed sedimentological and petrographic data set, we established the precipitation environment and subsequent diagenetic pathways of a series of Proterozoic to Pleistocene syn-depositional marine evaporative (sabkha) dolomites, syn-depositional non-marine evaporative (lacustrine and palustrine) dolomites, altered marine
(“mixing zone”) dolomites and late diagenetic hydrothermal dolomites. These data form the prerequisite for a systematic
investigation of dolomite magnesium isotope ratios (d26Mgdol). Dolomite d26Mg ratios documented here range, from
2.49& to 0.45& (d26Mgmean = 1.75 ± 1.08&, n = 42). The isotopically most depleted end member is represented by earliest diagenetic marine evaporative sabkha dolomites (2.11 ± 0.54& 2r, n = 14). In comparing ancient compositions to
modern ones, some of the variation is probably due to alteration. Altered marine (1.41 ± 0.64& 2r, n = 4), and earliest
diagenetic lacustrine and palustrine dolomites (1.25 ± 0.86& 2r, n = 14) are less negative than sabkha dolomites but not
distinct in composition. Various hydrothermal dolomites are characterized by a comparatively wide range of d26Mg ratios,
with values of 1.44 ± 1.33& (2r, n = 10). By using ﬂuid inclusion data and clumped isotope thermometry (D47) to represent
temperature of precipitation for hydrothermal dolomites, there is no correlation between ﬂuid temperature (100 to 180 °C)
and dolomite Mg isotope signature (R2 = 0.14); nor is there a correlation between d26Mgdol and d18Odol. Magnesium-isotope
values of diﬀerent dolomite types are aﬀected by a complex array of diﬀerent Mg sources and sinks, dissolution/precipitation
and non-equilibrium fractionation processes and overprinted during diagenetic resetting. Further progress on the use of
d26Mgdol as a proxy will require new theoretical and experimental data for D26Mgﬂuid-dol that includes dehydration eﬀects
of the free Mg aquo ion versus ﬂuid temperature. In ancient diagenetic systems, complex variables must be considered. These
include ﬂuid chemistry and physical properties, Mg sources and sinks, temporal changes during precipitation and post-precipitation processes including open and closed system geochemical exchange with ambient ﬂuids. All of these factors complicate the application of d26Mgdol as proxy for their depositional or diagenetic environments. Nevertheless, the data shown here
also indicate that d26Mgdol can in principle be interpreted within a detailed framework of understanding.
Ó 2014 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION
Dolomite is a major carbonate mineral throughout
Earth history, but one that remains debated in terms of
its precipitation and alteration kinetics to the present day.
Moreover, dolostones have great economic signiﬁcance as
reservoir rock facies worldwide (Warren, 2000). Dolomite
formation models relate to speciﬁc precipitation and diagenetic environments and include complex and variable ﬂuid
chemistries. Conventionally, dolomite formation and alteration environments are explored via the study of more traditional stable and radiometric isotope systems, elemental
abundances and ratios as well as petrographic and geothermometric approaches (Last, 1990; Vasconcelos et al., 1995;
Budd, 1997; Warren, 2000; Machel and Lonnee, 2002;
Machel, 2004; Bontognali et al., 2010; Zhang et al., 2012).
Magnesium in turn is a major element in dolomite and thus,
the study of dolomite magnesium isotope ratios (d26Mgdol)
is a potentially promising research ﬁeld, but one that is
insuﬃciently explored. Here we suggest that dolomite Mg
isotope ratios must be added to the list of proxies when
dealing with recent and fossil dolomites. The objective is
to develop the framework by which carbonate geologists
and geochemists will be able to understand and interpret
d26Mg in dolomites and perhaps marine carbonates more
widely. This is important because dolomite forms an essential Mg sink and is a main control on d26Mgseawater. Moreover, Mg is an element that is critically involved in the
carbon cycle in general (see discussion in Tipper et al.,
2006a,b,c and Pogge von Strandmann et al., 2014). This
work is motivated by the increasing number of studies dealing with the d26Mg signature of marine and terrestrial carbonate dissolution and precipitation environments (De
Villiers et al., 2005; Buhl et al., 2007; Hippler et al., 2009;
Kisakurek et al., 2009; Higgins and Schrag, 2010, 2012;
Immenhauser et al., 2010; Pokrovsky et al., 2011;
Wombacher et al., 2011; Riechelmann et al., 2012a,
2012b; Shirokova et al., 2013; Mavromatis et al., 2013,
2014; Wang et al., 2013; Beinlich et al., 2014). Conversely,
recent studies on sedimentary rocks, biominerals as well
as igneous and metamorphic rocks or precipitation experiments document a wide range of d26Mg corresponding to
diﬀerent mineralogies, crystal structures, kinetics and precipitation environments (Galy et al., 2002; Young and
Galy, 2004; De Villiers et al., 2005; Tipper et al.,
2006a,b,c, 2012; Buhl et al., 2007; Bolou-Bi et al., 2007,
2009; Pogge von Strandmann et al., 2008a,2008b, 2014;
Huang et al., 2009, 2012; Chakrabarti and Jacobsen,
2010; Jacobson et al., 2010; Liu et al., 2010; Teng et al.,
2010; Wimpenny et al., 2011, 2014a,b; Yoshimura et al.,
2011, and others).
Nevertheless, compared to other carbonate minerals, the
d26Mg composition of the wide range of dolomite types is
still underexplored and published data of well constrained
d26Mgdol ratios are scattered in the literature (Galy et al.,
2002; Higgins and Schrag, 2010; Pokrovsky et al., 2011;
Geske et al., 2012; references in Li et al., 2012b; Azmy
et al., 2013; Lavoie et al., 2014; Mavromatis et al., 2014).
This is in part related to the diﬃculties to experimentally
precipitate
dolomite
under
ambient
conditions

(Vasconcelos et al., 1995; Zhang et al., 2012; Roberts
et al., 2013), and in part to the inaccessibility of many natural dolomite-precipitating environments. Consequently, it
is not surprising that studies dealing with for example burial dolomitization ﬂuid parameters and factors controlling
D26Mgﬂuid-solid in basinal and hydrothermal precipitation
and subsequent diagenetic alteration environments are
scarce (Geske et al., 2012; Azmy et al., 2013). Similarly,
the potential of earliest diagenetic marine evaporitic dolomites (Geske et al., 2012) or Precambrian cap dolomites
(Pokrovsky et al., 2011; Kasemann et al., 2014) as archives
of past seawater d26Mg signatures and, more generally, the
global magnesium cycle (Tipper et al., 2006b,c) requires further exploration.
The aim of this study is to (i) systematically investigate
and document d26Mgdol of various early and late diagenetic
dolomite types from numerous settings and time intervals
worldwide and to (ii) place these ﬁndings in a mechanistic
context of syn- and post-precipitation physico-chemical
parameters aﬀecting D26Mgﬂuid-dol in near-surface and burial dolomite-precipitating environments. Magnesium isotope data shown here are compared to complementary
sedimentological, petrographical, geochemical, mineralogical and crystallographical data and discussed in the context
of their respective environments of dolomite precipitation.
The overarching goal is to test the hypothesis that d26Mgdol
can signiﬁcantly contribute to our understanding of dolomitization and dolomite-precipitation environments.
2. STUDY SITES, MATERIALS AND DOLOMITE
ORIGIN
Geochemically well-characterized dolomites were
obtained from ﬁeld sites in Germany, Greece, Austria,
Italy, Belgium, Algeria, Angola, the Bahamas, Canada,
the UAE and the USA. Refer to Fig. 1a, b and Appendix
A1 for detailed information (Appendix A). Dolomite types,
their formation ages, sampling locations, depositional- and
diagenetic environments and petrography, are placed in
context with d26Mg values and constrained by strontium
(87Sr/86Sr) carbon (d13C) and oxygen (d18O) isotope ratios,
ﬂuid inclusion data, clumped isotope thermometry,
cathodoluminescence analyses and major/trace element
concentrations. This is important as many of the previous
studies lack this systematic background data rendering
the interpretation of the resulting data diﬃcult.
This study uses well-described examples of (i) marine
evaporitic (sabkha), (ii) lacustrine/palustrine, (iii) altered
marine (formerly “mixing zone”) and (iv) hydrothermal
(burial, basinal) dolomites from the Proterozoic and the
Phanerozoic. Dolomite types refer to diﬀerent settings for
precipitation including: lacustrine (saline lake), palustrine
(swamp), inland playa (coast), sabkha (coast), altered marine (coast) and hydrothermal (Fig. 2). We apply the deﬁnitions of Briere (2000) for playa and sabkha settings. Many
of the dolomites analyzed were previously studied using
multiple techniques, and corresponding references are listed
in the digital Appendix A1.
Currently applied dolomitization models include synsedimentary microbially mediated precipitation (mainly
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Fig. 1. (A) Map indicating dolomite sampling sites in Germany, Greece, Austria, Italy, Belgium, Algeria, Angola, Bahamas, Canada and the
USA. Note color key to diﬀerent dolomite types. (B) Time scale [Ma] indicates age of host rock whilst dolomitization might range from
penecontemporaneous to signiﬁcantly younger than the age of the host rock.

Fig. 2. Conceptual depositional/diagenetic environments of dolomites studied including sabkha dolomites (blue dots), altered marine
dolomites (green hexagons), lacustrine (coorong) and palustrine dolomites (yellow squares) and hydrothermal dolomites (red stars) (redrawn
after Jones and Xiao, 2005). Dunes reﬂect arid climate conditions, whereas river beds symbolize humid climate. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

marine and lacustrine evaporative; e.g., Van Lith et al.,
2003b), marine abiogenic dolomitization (e.g., Humphrey
and Quinn, 1989), shallow/deep low-temperature reﬂux
(e.g., Jones and Xiao, 2005), deep burial thermo-chemical
sulfate reduction (Machel, 1987) and hydrothermal (burial)
dolomite (e.g., Davies and Smith, 2006). Three of the four
dolomite models discussed here are widely accepted and
include (i) marine evaporative dolomite in marine evaporative (sabkha) settings; (ii) non-marine evaporative dolomite

in lacustrine/palustrine settings (ﬂuvial, lacustrine) and (iii)
hydrothermal dolomite (formation brines). For discussions
of these models refer to Tucker and Wright (1990), Last
(1990, 2012), Budd (1997), Mazzullo (2000), Warren
(2000), Machel (2004) or Richter et al. (2014). In coastal
settings, including marine evaporative and marine alteration settings, the main magnesium source for dolomite formation is modiﬁed seawater (diluted or hypersaline).
Additional magnesium sources include evaporites,
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Mg-bearing silicates and the (carbonate) host rock itself
(Bolou-Bi et al., 2009; Huang et al., 2013). In coastal
settings (swamp, playa) dolomitization takes place in
(ephemeral) lakes under the inﬂuence of continental
alkaline groundwater (Morrow, 1982). In burial settings,
hydrothermal ﬂuids, potentially ascending via diverse
lithologies including crystalline basement, maﬁc and ultramaﬁc volcanics and (carbonate) host rock, reﬂect the major
source of magnesium for dolomite precipitation. This is of
importance, as in burial dolomite environments, rock–
water interaction is highly signiﬁcant and must not be compared with the ﬂuid-dominated marine environment.
In contrast, the “mixing-zone dolomitization model” is
controversial (Machel, 2004; Li et al., 2013) and there is
no simple explanation. The precipitation of what is here
labeled “altered marine dolomites”, took place in shallowwater carbonate platform margin environments near the
sediment surface and subsequently progressed into the
underlying sediments (sample Prüstr.4: Richter, 1974; sample Moggast1: Meyer and Schmidt-Kaler, 1990). Subsequently, dolomitized units were overprinted by low
temperature non-marine ﬂuids. In the context of this study,
this model refers to reefal dolomites from the Swabian Alb
(Koch and Schorr, 1986), the Francian Alb (Richter et al.,
2003b), the Eifel area (Richter, 1974) in Germany and to
Triassic Contrin Formation dolomites in the south Tyrolean Dolomites in Italy (Bosellini, 1998).
3. METHODS
Dolomitization ﬂuid chemistry and precipitation/diagenetic environments were assessed by analyzing oxygen
(d18O), carbon (d13C) and strontium (87Sr/86Sr) isotope
ratios and as well as major and trace element (Ca, Mg,
Fe, Mn, Sr) abundances. Mineralogical analyses were performed using standard petrographic (polarizing microscope, cathodoluminescence) and X-ray diﬀraction
techniques. Fluid inclusion data are from Hiemstra and
Goldstein (2004, 2014). Clumped isotope analyses were performed on six hydrothermal dolomite samples to determine
their temperature of precipitation.
3.1. Sampling strategy
Dolomite powder, approximately 30 mg, was extracted
from 38 specimens (including 42 samples) each with a hand
brace (Dremel). Because of the large sample size requirements, most of the dolomite samples had to consist of more
than one dolomite phase. Under cathodoluminescence, up
to ten phases/zones of mainly late diagenetic hydrothermal
dolomites form complex aggregates and growth zones
whilst early diagenetic phases are petrographically often
more uniform or mottled. The limitation of such bulk sampling, including several dolomite phases, must be emphasized as likely resulting in physical mixtures of dolomites
from diﬀerent diagenetic settings. The implication of this
is that it might be diﬃcult to relate a speciﬁc bulk magnesium isotope signature to a speciﬁc, volumetrically insignificant dolomite phase in a given sample. The pragmatic
approach applied here is that powder samples were taken

from areas where the targeted dolomite type formed
>80% of bulk carbonate as evident from detailed thin section analysis. Samples containing calcite were treated with
1 M acetic acid or 0.27 M Di-Na-EDTA to remove the calcite phase.
3.2. Crystallographic and microscopic analysis of dolomites
In order to constrain the dolomite stoichiometry and
degree of order (R), all samples were analyzed with a Phillips X́Pert MPD Theta–Theta X-ray Diﬀractometer using
Cu Ka radiation at 45 kV and 40 mA. The scanning range
was 20° to 40° (2h) with a step of 0.025° (2h) and an acquisition time of 11 s per step. A graphite secondary monochromator was used to minimize the background noise.
The CaCO3 content in mol-% was calculated using the
equation of (Lumsden, 1979); the degree of order (R) of
each dolomite was calculated with the equation of
Füchtbauer and Goldschmidt (1965), Füchtbauer and
Richter (1988) and Hardy and Tucker (1988).
Cathodoluminescence analysis (CL) was performed to
characterize the diﬀerent dolomite generations found within
thin sections. A total of twenty-eight thin sections sputtered
with gold were examined under transmitted light and
cathodoluminescence microscopy using a hot stage HC1LM facility (Neuser et al., 1996). The instrument is linked
to a Kappa DX 30C video camera system for recording digital images and with an EG&G triple grating spectrograph
connected to a liquid-N2 cooled CCD-detector. Operating
conditions were about 5 and 10 lA/mm2 and 14 kV with
a beam current of 0.1–0.2 mA. Integration times for luminescence-spectra were commonly between 10 and 60 s.
For more details refer to Richter et al. (2003a).
3.3. Geochemical analysis of dolomites
3.3.1. Magnesium isotope (d26Mg) analysis
For d26Mg analysis, 0.5 mg of powder was weighed.
The extraction and puriﬁcation process involves several
steps. First, the samples were dissolved in 1 ml 6 M HCl
(supra pure) and dried on a hot plate at >100 °C. The samples were treated with 1 ml H2O2–HNO3 1:1 mixture to
destroy organic compounds and minimize potential interferences related to complexation of cations. The samples
were subsequently dried on a hot plate (60 °C) and then
re-dissolved in 1 ml 1.25 N HCl. The Mg fraction, typically
50 lg, was recovered using BioRad ion exchange resin
AG50W-X12 (200–400 mesh) and quartz glass columns.
The column elution pattern was determined for each column using an IAPSO seawater test solution (diluted 1:1).
The Mg yield exceeds 95%.
The analytical method is described in detail by
Immenhauser et al. (2010). A 500 ppb Mg solution in
3.5% HNO3 was measured on a Thermo Fisher Scientiﬁc
Neptune MC-ICP-MS. The sample Mg concentration was
kept within ±15% of the standard, which proved to minimize potential isobaric interferences from matrices (Galy
et al., 2001). A positive eﬀect on signal stability and reduction of matrix interferences was achieved by combining two
desolvating systems (ApexIR (ESI), Aridus (Cetac)) and the
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low-resolution slit of the Thermo Fisher Scientiﬁc Neptune.
The standard sample bracketing technique was applied to
calculate the d25Mg and d26Mg values (&). Each measurement value comprises a sequence of 5 repetitions of sample
measurements representing 250 ratios (each ratio consists of
4.194 s integration time and 3.0 s idle time). The beam
intensity for mass 24 is typically 10 V per 100 ppb Mg.
The average signal stability is 0.01–0.005 V.
The reproducibility of Mg isotope measurements was
assessed using samples of (i) the internal carbonate standard RUB (Solnhofen Plattenkalk), (ii) the mono elemental
solution Cambridge1, (iii) IAPSO seawater and (iv) a dolomite sample (HDK7). Each standard sample was processed
identically, except diﬀerent ion exchange columns were
used. The RUB standard samples resulted in a d26Mg value
of 3.66& ± 0.06 (2r). For the time interval 2005–2012,
the d26MgCambridge1 value is 2.57& ± 0.06 2r (n = 431).
Between 2011 and 2012 d26MgCambridge1 resulted in
2.58& ± 0.06 2r (n = 92). These results are indistinguishable
from
published
values
(d25MgCambridge1 =
2.58 ± 0.14& 2r, n = 35; Galy et al., 2003; Young and
Galy, 2004). The magnesium isotope composition of
IAPSO seawater and dolomite HDK7 resulted in d26Mg
values
of
0.81 ± 0.06&
2r
(n = 130)
and
2.02 ± 0.02& 2r (n = 5), respectively; see also Foster
et al., 2010). The total blank for the complete analysis
was 10 ng Mg, which represents an average blank-tosample ratio of 2 * 104.
3.3.2. Strontium (87Sr/86Sr) isotope analysis
Dolomite 87Sr/86Sr ratios indicate the strontium source
of burial ﬂuids and alteration eﬀects (Faure and Powell,
1972). The Sr fraction (500 ng per analysis) was separated
twice using quartz glass columns, ﬁlled with BioRad ion
exchange resin AG50W-X8. The 87Sr/86Sr ratio was determined with a 7 collector Thermal Ionisation Mass spectrometer (TIMS) MAT 262 in 3 collector dynamic mode.
As standard reference materials NIST NBS 987 and USGS
EN-1 were used. The total blank for Sr isotope analysis,
including chemical separation and loading blank, is
1.5 ng. The reproducibility of carbonate extraction and
measurement was tested with the USGS modern bivalve
carbonate EN-1. Resulting in an average 87Sr/86Sr value
of 0.709160 ± 0.000027 2r (n = 209). The mass spectrometric reproducibility of Sr measurements was assessed with
NBS987, which was directly loaded onto a Re ﬁlament
resulting in an average value of 0.710240 ± 0.000034 2r
(n = 233), which agree with mean values of NBS987 of
McArthur et al. (2001; NBS987 = 0.710247). Details of
the analytical technique are described by e.g., Faure and
Powell (1972).
3.3.3. Carbon (d13C) and oxygen (d18O) isotope analysis
Carbon and oxygen isotope signatures were analyzed on
sample aliquots (0.4 ± 0.03 mg) to deﬁne the dolomitizing
ﬂuid on a ThermoFinnigan MAT 253 coupled to a Gasbench II and a PAL auto sampler (GasIRMS). All isotope
ratios are reported as per mil (&) deviation from the
Vienna-Pee Dee Formation belemnite (V-PDB) standard.
The carbonate standards NBS 19, IAEA CO-1 and CO-8
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and an internal standard (RUB standard) were used as a
reference. The standard deviations (2r) of 8 RUB standards measured within these sample sequences are 0.06&
and 0.08& for C- and O isotopic measurements, respectively. The measured d13C values for standards CO-1,
CO-8 and NBS19 are 2.48 ± 0.04&, 5.75 ± 0.02& and
1.94 ± 0.03& in comparison to the certiﬁcated values of
2.48&, 5.75& and 1.95&, respectively. The measured
d18O values for standards CO-1, CO-8 and NBS19 are
2.44 ± 0.07, 22.67 ± 0.04 and 2.13 ± 0.04 in comparison to the certiﬁcated values of 2.44&, 22.67& and
2.20& respectively. The mean value of the measured samples and the certiﬁcated values of CO-1 and CO-8 are equal,
as all samples and standards are normalized to CO-1 and
CO-8.
3.3.4. Clumped isotope (D47) analysis
Six samples of pure dolomite aliquots from the hydrothermal dolomites were selected for clumped isotope analysis (T). Five to six mg of powdered dolomite was reacted for
40 min in phosphoric acid held at 90 °C. The liberated CO2
gas was puriﬁed by passage through a conventional vacuum
line with multiple cryogenic traps and a Porapak-Q trap
held at 35 °C (Dennis and Schrag, 2010). CO2 gas was
analyzed using two Thermo Finnigan MAT-253 gas source
isotope ratio mass spectrometers conﬁgured to measure
masses 44 through 49 at the Qatar Stable Isotopes Laboratory at Imperial College, London, UK. Analytical protocols and corrections for non-linearity follow Huntington
et al. (2009) and the data are reported in the “carbon dioxide equilibrated scale” (CDES) of Dennis et al. (2011). An
acid correction factor of +0.081& was added to all measurements of D47 CDES following Ferry et al. (2011). Masses
48 and 49 were monitored to check for possible sample contamination following (Aﬀek and Eiler, 2006) and
Huntington et al. (2009, 2011). Each sample was measured
at least three times to improve counting statistics. The D47
CDES reproducibility is ±0.03& based on regular analysis
of Carrara marble and an internal gas standard (BOC,
CO2 research grade 100.000%). The Carrara marble D47
value is 0.390 ± 0.006& (S.E., n = 26) and
CDES
0.386 ± 0.003& (S.E., n = 49) for both mass spectrometers
used. The D47 CDES values were converted to temperature
solving numerically for the calibration of Passey and
Henkes (2012):
Deq
47 ¼

3:407  109 2:365  107 2:607  103
þ
þ
T4
T3
T2
5:880
þ
þ 0:268
T

ð1Þ

3.3.5. Elemental (Ca, Mg, Fe, Mn, Sr and Ba) analyses
In order to complement isotope data, major and trace
elemental analysis was performed from aliquots of all samples. 1.50 ± 0.15 mg dolomite was dissolved in 3 M HNO3
and subsequently diluted with 2 ml deionized H2O
(>18.2 MX cm1). The concentrations of Ca, Mg, Fe,
Mn, Sr and Ba were measured with an inductively coupled
plasma optical emission spectrometer (ICP-OES, Thermo
Fisher Scientiﬁc iCAP 6500 DUO). BSC-CRM-512 and
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BSC-CRM-513 were used as reference materials. All major
and trace elemental results are reported in ppm (parts per
million). The 1r-reproducibility on 111 standard samples
for Mg is 0.18% and 0.36%, for Ca is 0.081% and
0.002%, for Sr is 22 ppm and 1 ppm, for Fe is 17 ppm
and 12 ppm, for Mn is 1 ppm and 1 ppm for BSC-CRM512 and for BCS-CRM-513, respectively.

(<20 lm), unimodal nonplanar (anhedral to subhedral)
crystals, well preserved relict sediment textures/structures
and fossils and the lack of appreciable porosity. The sabkha
dolomicrites show homogeneous compositional and textural character alternating with typical “birdseyes”, i.e.,
spar-ﬁlled
primary
pore-space
(Murray,
1960;
Drummond, 1964) and mud cracks. Siliciﬁed sulfate nodules, equivalents of “chicken wire” structure (Purser and
Sibold, 1973; McKenzie, 1981), within micritic dolomite
layers and anhydrite/gypsum was found in many thin sections. Oncoids and stromatoids are common in the sabkha
dolomicrites and are evidence for cyanobacterial bioﬁlms
typifying peritidal environments. Cathodoluminescence
analysis revealed beige, light orange and bright red luminescence colors (Fig. 3B). The earliest diagenetic sabkha dolomites show a crystallographic ordering of Ca and Mg
expressed by a low crystallographic degree of order
(R = I (015/110) of about 0.57. Playa dolomites contain
anhydrite and shrinkage cracks indicative of a saline/arid
environment. Lake dolomicrites display depositional relict
laminae (Fig. 3E). These dolomites show yellow to beige

4. RESULTS
4.1. Petrographic and crystallographic characterization of
dolomites
All dolomites studied (Table 1) here yield between 48
and 56 mol percent CaCO3 (Table 2). We follow the terminology proposed by Gregg and Sibley (1984) and Sibley
and Gregg (1987) to describe dolomite textures of samples
analyzed here.
The earliest diagenetic dolostones (marine evaporative
sabkha dolomites and lacustrine as well as palustrine dolomites) have very small to crypto-crystalline grain size

Table 1
Dolomite geochemistry, including magnesium isotope data, clumped isotope data and circumstantial geochemical data.
Nr.

Sample

d26MgDSM3
[&]

±2r

d25MgDSM3
[&]

±2r

87

Sr/86Sr

±2r

d13C
[&]

V-PDB

±r

d18O
[&]

V-PDB

±r

D47

±1S.E.

Tdolomitization
[°C]*

ﬂuid

Based on D47
(Passey and
Henkes, 2012)
Eq. (1)
Marine evaporative dolomite (sabkha)
1
2a10
2.49
2
2a12
2.44
3
HDK51
1.99
4
1b23
2.24
5
Bel1a
2.20
6
Bel1b
2.20
7
Oo
1.70
8
Oom
1.71
9
Kri
2.03
10
Angola1
1.67
11
B30
2.05
12–14
B31ac (n = 3)
2.28
Mean
(±2r)
2.11

0.08
0.06
0.07
0.10
0.06
0.06
0.03
0.02
0.06
0.05
0.02
0.23
0.54

1.29
1.27
1.03
1.16
1.14
1.14
0.90
0.89
1.08
0.87
1.07
1.12
1.10

0.04
0.04
0.03
0.05
0.03
0.03
0.01
0.02
0.02
0.03
0.01
0.12
0.27

Mixing zone dolomite
15
Moggast1
16
Hund1
17
Contrin2
18
Prüstr. 4
Mean
(±2r)

0.04
0.05
0.07
0.05
0.64

0.96
0.68
0.73
0.57
0.74

0.01
0.03
0.03
0.03
0.33

1.08
0.99
0.81
0.55
0.66

0.04
0.02
0.02
0.32
0.45

0.87
1.15
1.13
0.23
0.31
0.90
0.93
0.48
0.47
1.02
0.75

0.03
0.04
0.01
0.02
0.02
0.01
0.02
0.02
0.02
0.01
0.69

Non-marine evaporative dolomite
19
Ofeu3
20–21
Blei 2a. 2b (n = 2)
22
StBe20
23–32
Swamp dol (n = 10)
Mean
(±2r)
Hydrothermal dolomite
33
RSD-Dol
34
5a1
35
5e3
36
Letmathe1
37
PH37
38
WellDol
39
Tre
40
IBw
41
IBg
42
MVT
Mean
(±2r)
*

1.86
1.30
1.38
1.10
1.41

(Lacustrine/palustrine)
2.08
0.09
1.89
0.12
1.51
0.04
1.06
0.61
1.25
0.86
1.67
2.22
2.18
0.45
0.61
1.74
1.78
0.91
0.86
1.96
1.44

For more details refer to text.

0.05
0.05
0.05
0.04
0.03
0.03
0.04
0.05
0.02
0.02
1.33

0.707715
0.708002
0.707178
0.707782

0.000006
0.000006
0.000006
0.000007

0.707485

0.000006

0.708277

0.000007

0.708695
0.708030

0.000118
0.001084

0.707185
0.707212
0.707931

0.000007
0.000007
0.000007

0.707443

0.000846

0.709281

0.000007

0.707429
0.708880
0.708617

0.000007
0.000151
0.001631

0.707749
0.707885

0.000007
0.000007

0.708550
0.708887

0.000007
0.000008

0.709539
0.708236

0.000007
0.000008

0.709427
0.708928

0.000007
0.001418

3.8
3.9
2.6
4.8
0.6
0.6
7.2
7.1
4.4
1.3
0.7
2.0
3.1

0.03
0.03
0.03
0.03
0.02
0.05
0.04
0.02
0.02
0.02
0.05
0.08
4.40

2.2
1.7
1.4
1.1
3.4
2.8
1.5
1.8
0.8
12.4
0.3
1.1
1.4

0.03
0.04
0.05
0.05
0.02
0.03
0.03
0.01
0.02
0.02
0.05
0.80
7.20

n.d.

3.0
2.8
3.1
0.6
2.1

0.02
0.03
0.03
0.05
3.60

3.5
4.6
4.2
4.4
4.2

0.05
0.03
0.04
0.03
1.00

n.d.

7.6
2.7
1.4
13.5
11.0

0.03
0.02
0.03

0.04
0.03
0.04

12.90

8.8
3.1
3.7
7.3
5.3

7.30

3.2
3.6
3.4
2.7
2.7
4.3
1.3
1.2
1.1
2.9
1.8

0.03
0.03
0.04
0.03
0.03
0.03
0.03
0.02
0.02
0.01
4.7

9.5
4.5
3.3
11.1
9.2
10.7
9.2
7.9
7.4
13.1
8.6

0.03
0.05
0.03
0.03
0.02
0.04
0.02
0.02
0.02
0.02
5.9

n.d.

0.451

0.008

157 ± 8

0.480
0.491
0.498
0.506
0.471
0.490
0.428
0.483

0.012
0.002
0.002
0.002
0.007
0.007
0.009

132 ± 9
123 ± 2
109 ± 2
102 ± 2
139 ± 6
124 ± 5
180 ± 10
133
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Table 2
Dolomite major and trace element contents combined with X-ray diﬀraction results, including degree of order (R), CaCO3 content [mol%].
Nr.

Mg
[ppm]

Sr
[ppm]

Marine evaporative dolomite (sabkha)
1
2a10
253600
2
2a12
245270
3
HDK51
218790
4
1b23
218500
5
Bel1a
193000
6
Bel1b
185070
7
Oo
201730
8
Oom
190220
9
Kri
223070
10
Angola1
179150
11
B30
118610
12–14
B31a-c (n = 3)
165347
Mean
194504

101600
113400
131300
128200
97060
98400
114700
108000
92830
106800
71610
97903
104115

Marine altered (“mixing zone”)
15
Moggast1
16
Hund1
17
Contrin2
18
Prüstr. 4
Mean
Non-marine
19
20–21
22
23–32
Mean

Sample

Fe
[ppm]

Mn
[ppm]

168
165
104
109
144
143
106
84
595
20
65
103
147

186
177
200
529
161
414
799
987
2260
8078
3497
2688
1811

14
15
23
77
46
75
24
36
85
418
267
195
119

0.7
0.8
1.0
1.0
0.8
0.9
0.9
0.9
0.7
1.0
1.0
1.0
0.9

0.36

56.0

0.66
0.53
0.53
0.60
0.43
0.43
0.65
0.93
0.72
0,51
0.57

50.7
50.3
51.0
51.3
51.7
51.7
49.9
48.0
50.7
50.6
51.1

128500
122900
127700
131100
127550

49
54
26
7
34

115
677
2038
842
918

67
97
55
412
158

1.0
0.9
1.0
1.0
1.0

0.93
0.84
0.84
1.00
0.90

50.7
50.7
51.0
50.0
50.6

evaporative dolomite (Lacustine/palustrine)
Ofeu3
168880
85860
Blei 2a, 2b (n = 2)
142210
85260
StBe20
209600
113700
Swamp dol (n = 10)
203688
87729
181095
93137

158
94
295
81
157

2541
3905
625
26523
8399

1430
1230
40
25777
7119

0.8
1.0
0.9
0.7
0.9

0.67
0.37
0.52
0.25
0.45

53.3
50.0
52.0
51.7
51.8

189
71
76
28
28
47
57
61
35
58
65

254
143
149
4935
9293
8748
14120
1391
406
3533
4297

136
38
9
1200
2480
1510
1230
176
122
349
725

1.0
0.8
0.9
1.0
0.9
0.9
0.9
0.9
1.0
0.9
0.9

1.00
0.94
0.69
0.94
0.98
0.77
1.00
0.50
0.50
0.62
0.79

50.0
50.0
50.3
50.0
49.3
49.3
52.0
50.1
50.1
51.1
50.2

Hydrothermal dolomite
33
RSD-Dol
34
5a1
35
5e3
36
Letmathe1
37
PH37
38
Well-Dol
39
Tre
40
IBw
41
IBg
42
MTV
Mean

Ca
[ppm]

217450
223970
218730
215380
218883

176970
243490
222440
212240
220420
162830
216130
218180
213740
218060
210450

109000
112200
121600
125000
122900
90020
114000
124700
125400
123200
116802

cathodoluminescence colors pointing to a saline environment (cf. Gillhaus et al., 2010). Associated detrital material
yields blue to violet cathodoluminescence patterns
(Fig. 3F).
Altered marine (R = 0.90) dolomite crystals (150–
200 lm) consist of euhedral rhombs forming a crystal-supported framework with intercrystalline matrix porosity in
an idiotopic mosaic (moldic porosity; Fig. 3C). Relict sediment structures/textures are commonly absent. Relict features of brachiopod shells (sample moggast1; Table 1)
and dasycladaceen algae (sample contrin2; Table 1) are visible in thin sections. Crystals have a unimodal size distribution and are typically tan to light grey in transmitted light
with moderately abundant ﬂuid inclusions. Individual crystals are characterized by cloudy cores and clear rims with
concentric zonation. In the case of the thin sections studied
here, cathodoluminescence reveals overall mottled textures

Mg/Ca
(moles)

Degree of
order

Mol%
CaCO3

with dull to moderate orange-red luminescence colors
(Fig. 3D). Mottled, dull red cathodoluminescence patterns
are commonly observed in altered dolomites and are often
interpreted to be associated with meteoric ﬂuids (Reinhold,
1998) but mottled CL patterns are also known from hightemperature and reﬂux settings.
The hydrothermal dolomite exhibits much coarser and
polymodal grain sizes (>50 lm), relict sedimentary
structures/textures or faunal remains are absent, open intercrystalline pore space is more commonly observed, dolomite rhombohedra are planar sub-/euhedral in shape
(Füchtbauer and Goldschmidt, 1965; Füchtbauer and
Richter, 1988). Hydrothermal dolomites are mainly fabric/structure destructive, formed through recrystallization
and/or replacement and consist of coarse crystalline
and anhedral crystals with diameters of 200–2000 lm
(Fig. 3G). Some are passive precipitates into open
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Fig. 3. Photomicrographs of four main dolomite types investigated. (A) Sabkha dolomicrite with pelletal structures under plane polarized
light. (B) Dolomicrite displays orange to red cathodoluminescence (A, B: sample HDK2; Triassic (Norian), Central Alps, Austria). (C)
Altered marine dolomite characterized by zoned, euhedral rhombs, intercrystalline porosity and moderately abundant inclusions (plane
polarized light). (D) The dolomite cement reveals a dull to moderate orange-red cathodoluminescence color (C, D: sample Moggast; Late
Jurassic, Franconian Alp, Germany). (E) Laminated lacustrine dolomicrite, precipitated in a saline lake, consisting of microcrystalline
anhedral to subhedral crystals (plane polarized light). (F) Cathodoluminescence colors range from yellow to beige. Detrital material is
characterized by blue to violet cathodoluminescence (E, F: sample StBe 20; Late Miocene, Steinheim, Swabian Alp, Germany). (G)
Hydrothermal saddle dolomites with coarse crystalline, anhedral fabrics. (H) Cathodoluminescence reveals orange-red to dark brown colors
and a non-planar to xenotopic mosaic (G, H: sample IB; Late Pennsylvanian, Indian Basin, New Mexico, USA). (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

pore space. Burial replacement dolomite and saddle
dolomite cements are intensely pigmented and display light
alternating orange-red to dark brown luminescence colors

in a non-planar to xenotopic mosaic (Fig. 3H). Hydrothermal dolomites are characterized by their nearly stoichiometric composition (Rburial = 0.79).
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4.2. Geochemical characterization of dolomites
4.2.1. Magnesium-isotope data
The d26Mgdol ratios range between 2.49& and
0.45& (Table 1 and Fig. 4). The mean d26Mg values of
the four diﬀerent dolomite types are: 2.11 ± 0.54& (2r,
n = 14) for earliest diagenetic sabkha dolomites;
1.41 ± 0.64& (2r, n = 4) for altered marine dolomites;
1.25 ± 0.86& (2r, n = 14) for earliest diagenetic lacustrine/palustrine (coal ball; Richter et al., 2014) dolomites
and 1.44 ± 1.33& (2r, n = 10) for hydrothermal dolom-
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ites. All dolomite types overlap in their magnesium isotopic
composition, with hydrothermal dolomites representing the
widest isotope range (±1.33& 2r) observed. The least variable isotope range is present in sabkha dolomite samples
(±0.60& 2r). Magnesium-isotope values of Triassic Dolomia Principale sabkha dolomites as reported in Geske et al.
(2012; d26MgD2 mean: 1.91 ± 0.23&, n = 32), are similar
to other sabkha dolomites analyzed in this study (Fig. 4A).
A correlation (R2 = 0.14) between d26Mg for hydrothermal
dolomite and clumped isotope precipitation temperatures is
lacking (Fig. 5A).

Fig. 4. (A) Three isotope plot illustrating dolomite d26Mg for the four main types studied in overview. Magnesium-isotope values range from
2.49& and 0.45& with an overall mean of 1.75 ± 1.08& (n = 42). Range of isotope values are shown to the right and beneath the plot
for each dolomite type. (B) Magnesium isotopic composition (d26MgDSM3) of diﬀerent Mg sources (limestones, seawater, rainwater, silicate
rocks, plant material, are shown for comparison. With decreasing seawater inﬂuence, d26Mg signatures of sabkha-, mixing zone and
lacustrine/palustrine dolomites are increasingly aﬀected by 26Mg-enriched silicate-derived Mg. See text for discussion.
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Fig. 5. (A) Hydrothermal dolomite d26Mg versus precipitation
temperature (°C), as based on the clumped isotope (D47) thermometer and Eq. (1). Homogenization temperatures (Th) based on ﬂuid
inclusion analysis (Hiemstra and Goldstein, 2004 and Laskares and
Goldstein, written communication) are compared to calculated
clumped isotope precipitation temperatures. No correlation
(R2 = 0.14) is found between d26Mg and ﬂuid temperatures. (B)
Inset cross plot documenting poor correlation of magnesium- and
oxygen isotope ratios of hydrothermal dolomites (R2 = 0.01).

4.2.2. Supporting geochemical data
Table 1 and Fig. 6 summarize d18O and d13C isotope
ratios of all dolomite types. Mean d18OV-PDB values for

altered marine dolomites (4.2& ± 1.0 2r, n = 4) and earliest diagenetic lacustrine/palustrine dolomites (5.3& ±
7.3 2r, n = 14) are comparable. Earliest diagenetic sabkha
dolomites d18O ratios (1.4& ± 7.2 2r, n = 14) are, in
comparison, enriched in 18O. Late diagenetic hydrothermal
dolomites yield the isotopically most depleted values
(8.6& ± 5.9 2r, n = 10).
Mean carbon isotopic composition (d13CV-PDB) of the
earliest diagenetic sabkha dolomites (+3.1& ± 4.4 2r,
n = 14), altered marine dolomites (+2.1& ± 3.6 2r,
n = 4), and late diagenetic hydrothermal dolomites
(+1.8& ± 4.7 2r, n = 10) are similar. The earliest diagenetic lacustrine/palustrine dolomites show distinctly lower
d13C mean values of 11.0& ± 12.9 2r (n = 14).
Clumped isotope D47 values for hydrothermal dolomites
range from 0.428& to 0.506& and the corresponding eight
calculated precipitation temperatures (Passey and Henkes,
2012) range between 102 and 180 ± 10 °C (Table 1).
Altered marine dolomites are characterized by the lowest 87Sr/86Sr ratios (mean = 0.707443, n = 3) in comparison
to all other dolomite types (Table 1). Strontium-isotope
ratios of earliest diagenetic sabkha dolomites (mean =
0.70803, n = 9) are similar to those of earliest diagenetic
lacustrine/palustrine dolomites (mean = 0.708617, n = 4).
Late diagenetic hydrothermal dolomites display the most
radiogenic strontium isotope ratios (mean = 0.708928,
n = 7). A weak correlation (linear expression with a stability index of R2 = 0.53) between the strontium isotope and
oxygen isotope ratios was observed (Fig. 7). Radiogenic
strontium (87Sr/86Sr) signatures are correlated to more
negative d18O.
Major and trace elemental abundances are given in
Table 2. The strontium concentrations are highest for
earliest
diagenetic
lacustrine/palustrine
dolomites

Fig. 6. Oxygen- and carbon isotope ratios of diﬀerent dolomite types. Dark grey box reﬂects the range of Pleistocene sabkha dolomites
(Chafetz and Rush, 1994). Altered marine dolomites overlap with marine evaporative and hydrothermal dolomites. Lacustrine/palustrine
dolomites reveal distinct carbon and oxygen isotopic characteristics.
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Fig. 7. Oxygen-isotope data plotted against 87Sr/86Sr ratios.
Dolomite d18O ratios decrease with increasing 87Sr/86Sr ratios
(R2 = 0.53).

(Srmean = 157 ppm, n = 14), and lowest for altered marine
dolomites (Srmean = 34 ppm, n = 4). Earliest diagenetic
sabkha dolomites are characterized by higher Sr concentrations (Srmean = 147 ppm, n = 14) compared to late diagenetic hydrothermal dolomites (Srmean = 65 ppm, n = 10).
Hydrothermal dolomites, palustrine coal ball dolomites
(Torf) and Neoproterozoic sabkha dolomite (Angola1)
have the highest Fe and Mn concentrations.
5. INTERPRETATION AND DISCUSSION
5.1. Characterization of dolomite precipitation environments
The type of dolomite relates to its formation (marine,
marine evaporative, altered marine, meteoric or hydrothermal) environment. Consequently, any geologically reasonable interpretation of d26Mgdol must rest on a solid
foundation of the corresponding dolomite precipitation
and, where appropriate, diagenetic alteration environment.
Particularly, the composition and properties of dolomitization ﬂuids and host rock types (Mg sources), diﬀerent Mg
sinks and stabilization of non-stoichiometric dolomites
are crucial for the evolution of natural dolomites. Using
well constrained reference dolomite samples and their geochemical, mineralogical and crystallographic properties as a
starting point, we here brieﬂy document the main properties
of the dolomitization environments relevant to this study.
5.1.1. Marine evaporative dolomites (sabkha)
Marine evaporative dolomites precipitate from low temperature marine porewaters characterized by high salinities
(50–90 g/l; Lokier and Steuber, 2009). Temperatures in
modern pore-ﬂuids in the coastal sabkha of Abu Dhabi
range between 20 °C in winter and 40 °C in summer
(Lokier et al., 2013). Sabkha dolomites analyzed in this
study yield d18Osabkha-dol values of 1.4&. Applying the
equation of Vasconcelos et al. (2005), calculated tempera-

141

tures with ﬂuid values of +3.5& [SMOW] indicate precipitation of dolomicrites from ﬂuids with a mean annual
surﬁcial pore ﬂuid temperature of around 20 °C. The poorly
ordered and Ca-rich crystal lattice of most marine evaporative dolomites (degree of order (R)sabkha = I d(110)/
d(015)=0.6) and their microscopic textures, composed of
homogenous crypto- to microcrystalline anhedral to subhedral crystal rhombs, are in many cases evidence of a low
degree of recrystallization implying good preservation
(Fig. 3A, B, E, F; Radke and Mathis, 1980; Gregg and
Sibley, 1984; Sibley and Gregg, 1987). The same conclusion
is also drawn from dolomite 87Sr/87Srmean ratio of 0.70809
(Fig. 7 and Table 1) that is similar to recent sabkha pore
ﬂuids (Müller et al., 1990). In addition, these dolomites contain on average 147 ppm of Sr (Table 2) and thus fall in the
expected Sr value (<300 ppm) of dolomites that precipitated from seawater or evaporated seawater (Land, 1980;
Machel and Anderson, 1989; Vahrenkamp and Swart,
1990; Banner, 1995; Budd, 1997; Swart et al., 2005;
Suzuki et al., 2006). Finally, the mean d13C values of sabkha dolomites (+3.1&) indicate a marine carbon source,
reﬂecting the carbon isotopic composition of modern carbonate platform sediments (Lowenstam and Epstein,
1957; Milliman, 1974; McKenzie, 1981). Note, in some
cases, however, clear evidence for meteoric alteration has
been reported (Chafetz and Rush, 1994) and generalized
statement regarding the preservation of marine evaporative
dolomites should be avoided.
5.1.2. Altered marine dolomites
Altered marine dolomites (often an admixture of marine
and evaporated marine low temperature dolomite) are precipitated from seawater with ambient (low) temperatures
and subsequently were overprinted in the presence of
non-marine ﬂuids (Machel, 2013). The salinity of the
dolomitizing ﬂuids is lower, compared to those of sabkha
dolomite formation environments (<35–36 g/l). Altered
marine dolomites (degree of order = 0.9) were partly recrystallized probably at low temperatures as evident from
cathodoluminescence analysis (Fig. 4C, D). These dolomites reﬂect the 87Sr/86Sr isotope ratios (0.7074) of the diagenetic ﬂuids. In addition, lower Sr contents of 34 ppm, due
to lower Sr/Ca ratios of the solution, result from mixing
of calcium-rich ﬂuids with seawater (Swart et al., 2005).
Mean d13C values of altered marine dolomites (+2.1&)
indicate a marine carbon source, reﬂecting the carbon isotopic composition of modern carbonate platform sediments
(Lowenstam and Epstein, 1957; Milliman, 1974;
McKenzie, 1981). In the case of altered marine dolomites,
oxygen isotope values are often depleted (d18OV-PDBmean =
4.2&) relative to those from sabkha environments and
point to meteoric diagenetic alteration. In addition, partial
recrystallization leads to larger average crystal diameters
(Fig. 4C, D, G, H; Land, 1980).
5.1.3. Non-marine, evaporative dolomite (saline palustrine/
lacustrine)
Lacustrine (lake) and palustrine (swamp; coal balls see
discussion in Richter et al., 2014) dolomites are characterized by precipitation from highly saline pore ﬂuids (saline
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lakes, playas; De Deckker and Last, 1988; Last et al., 2010,
2012) in a low temperature regime. The assignment of dolomites to this depositional environment is evident from (i)
petrographic and (ii) geochemical data in combination with
(iii) stratigraphic and palaeo-geographic evidence. Lacustrine/palustrine dolomites analyzed here yield 87Sr/86Sr
ratios of 0.707–0.709 (Table 1 and Fig. 7). These values
are comparable to 87Sr/86Sr ratios of lake dolomites
(0.709–0.715; Faure and Powell, 1972). The radiogenic
strontium isotopic composition of these dolomites reﬂects
an admixture of diﬀerent sources including variable hinterland and host rock lithologies.
Dolomites in lacustrine sediments are commonly characterized by strontium contents of about 100 ppm (M’Rabet,
1981). Lacustrine/palustrine dolomites analyzed in the context of this study contain, on average, 157 ppm Sr (Table 2)
a value that agrees with the predicted Sr elemental range
(100–300 ppm). Mean d13C value of lacustrine/palustrine
dolomites (6.3&), and particularly of swamp dolomites
(13.5&; Fig. 6), represent the most depleted carbon isotopic ratios of all dolomites investigated in this study. This
pattern suggests the inﬂuence of light carbon organic matter and from bacterial oxidation/sulfate reduction (Irwin
et al., 1977; Machel et al., 1995) or soil-zone CO2
(d13Csoil-zone CO2: 12& to 20&; Cerling and Quade,
1993).
5.1.4. Hydrothermal dolomites
Hydrothermal dolomites, especially those associated
with Mississippi Valley-type (MVT) deposits and samples
from the Indian Basin in New Mexico (USA), are precipitated from warm to hot, highly saline, basement-derived
brines (salinity of up to 23w% NaCl equivalent; Kesler
et al., 1996). The origin of hydrothermal dolomites analyzed in the context of this study is evaluated by (i) petrographic properties typical for burial/hydrothermal
(saddle) dolomites; (ii) ﬂuid inclusion studies; (iii) clumped
isotope palaeo-thermometry and (iv) carbon, oxygen and
strontium isotope data. Published ﬂuid inclusion data
(Hiemstra and Goldstein, 2004, 2014), pointing to precipitation/recrystallization ﬂuid temperatures on the order of
90–170 °C and reasonably agree with clumped isotope data
pointing to temperatures of 120–180 °C as shown here.
Additional information comes from the Saddle dolomite
petrography of these carbonates indicating precipitation
temperatures of above 60 °C (Sibley and Gregg, 1987;
Fig. 4G, H).
The 87Sr/86Srmean ratio of 0.7089 (Fig. 7 and Table 1) is
attributed to advection and concomitant interaction with
siliciclastic rocks (breakdown of detrital feldspars, alteration of clay minerals; Chaudhuri and Clauer, 1993;
Malone et al., 1996; Davies and Smith, 2006). Strontium
isotope ratios of basinal brines are enriched in 87Sr and
87
Sr/86Sr of above 0.708 are found (Spötl and Pitman,
1998). These dolomites lost some of their former Sr during
burial diagenesis via diﬀusion and precipitation/dissolution
processes (Frisia, 1994). In analogy to this, hydrothermal
dolomites contain low Srmean values of 65 ppm (Table 2).
Decreasing d18O values correlated to increasing
87
Sr/86Sr ratios (R2 = 0.53) are a typical feature of hydro-

thermal dolomite samples reported here (Fig. 7). This pattern is attributed to the alteration of low-temperature
dolomite under the inﬂuence of warm to hot ﬂuids. Elevated subsurface temperatures lead to a signiﬁcant depletion of the d18O values of these early diagenetic,
metastable Ca-rich dolomites (d18Omean = 8.6&; Mattes
and Mountjoy, 1980; Cander et al., 1988; Wallace, 1990;
Jaﬀrés et al., 2007). The equation of Matthews and Katz
(1977) is applied to the hydrothermal dolomite d18O data
(d18Omean = 8.6&) as compiled here:
1000 ln aDolH2O ¼ 3:06  106 T2  3:24

ð3Þ

Assuming that these dolomites were formed from dolomitization ﬂuids at elevated temperatures as calculated from
T(D47) [120–180 °C], calculated d18Oﬂuid values were found
to range between +4& and +14& VSMOW. Regarding the
samples from the Indian Basin, New Mexico (USA) these
calculated ﬂuid oxygen isotope composition point to mixture between a highly saline (oil-ﬁeld) brines and brines
associated with evaporates (Hill, 1996).
5.2. Dolomite Mg isotope signatures
Dolomites documented in this study display a wide
range of d26Mg values, ranging from 2.49& to 0.45&
(d26Mgmean = 1.75 ± 1.08&, n = 42), and are in agreement with “dolomite Mg isotope data” sensu lato as
reported in previous studies (d26Mgmean of 1.76 ± 0.77&
(n = 124); Fig. 8, Table 3; Galy et al., 2002; Chang et al.,
2003; Tipper et al., 2006a, 2008a,b; Brenot et al., 2008;
Wombacher et al., 2009; Jacobson et al., 2010; Higgins
and Schrag, 2010; Pokrovsky et al., 2011; Geske et al.,
2012; Azmy et al., 2013; Mavromatis et al., 2014; Fantle
and Higgins, 2014). Magnesium isotope data of all investigated dolomite types in this study show similar average
d26Mg values of 2.11& (±0.54& 2r; n = 14, marine evaporative), 1.41& (±0.64& 2r; n = 4, altered marine),
1.25& (± 0.86& 2r, n = 14, lacustrine/palustrine) and
1.44& (±1.33& 2r, n = 10, hydrothermal) (Fig. 4).
The main source of Mg for recent sabkha type dolomite
(mean value of 2.11& ± 0.54& 2r; n = 14) precipitation
is evaporated marine pore ﬂuid (mean d26Mgseawater =
0.82&, see also Foster et al., 2010; Ling et al., 2011,
and references therein). In many cases, however, the nonstoichiometric, microbially induced sabkha dolomites,
may stabilize after deposition to (more) stoichiometric
phases through a dissolution/re-precipitation process
occurring at an early diagenetic stage and therefore may
reﬂect the Mg isotope composition of the, somewhat isotopically altered, pore ﬂuid (McKenzie, 1981; Van Lith et al.,
2003b; Dupraz et al., 2009; Roberts et al., 2013; Paulo and
Dittrich, 2013). Work by these authors commonly suggests
that Mg ions are complexed and de-hydrated by surfacebound carboxyl groups and thus a decreased amount of
energy is required for carbonation. Nevertheless,
Mavromatis et al. (2012) and Shirokova et al. (2013) suggested that microbial activity does not appreciably aﬀect
the Mg isotope fractionation factors in the hydrous Mgcarbonate-ﬂuid system. Earliest diagenetic stoichiometric
dolomite d26Mg signatures in recent sabkha environments
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Fig. 8. Comparison of d26Mg data range shown here with those from various published sources. Most authors do not specify the dolomite
types analyzed (Table 3). Dolomite magnesium isotopic ratios documented in this study cover the full range of all previously reported
dolomite data.

Table 3
Compilation of published dolomite Mg isotope data.
Reference

Min d26Mg [&
DSM3]

Max d26Mg [&
DSM3]

Mean d26Mg ± 2r [&
DSM3]

n

Dolomite type

This study

2.49

0.45

1.75 ± 1.08

42

Galy et al. (2002)
Chang et al. (2003)
Tipper et al. (2006a,b,c)
Brenot et al. (2008)
Tipper et al. (2008a,b)
Wombacher et al. (2009)
Jacobson et al. (2010)
Higgins and Schrag (2010)
Pokrovsky et al. (2011)
Geske et al. (2012)
Azmy et al. (2013)

2.29
1.77
1.39
1.50
1.39
2.38
1.79
2.52
2.43
2.27
2.27

1.09
1.77
1.35
1.50
1.35
2.38
1.45
1.72
0.47
1.41
1.00

1.55 ± 0.92
1.77 ± 0.04
1.37 ± 0.06
1.50 ± 0.20
1.37 ± 0.06
2.38 ± 0.18
1.63 ± 0.35
2.20 ± 0.64
1.61 ± 0.98
1.89 ± 0.33
1.75 ± 0.60

5
1
2
1
2
1
4
6
31
38
32

Sabkha, palustrine/lacustrine mixing,
hydrothermal
Unspeciﬁed
Unspeciﬁed
Unspeciﬁed
Unspeciﬁed
Unspeciﬁed
Unspeciﬁed
Sabkha?
Organogenic dolomite, deep sea
Sabkha, mixing, unspeciﬁed
Sabkha
D1 shallow water, D2 + D3 burial?

in Abu Dhabi range from 0.5& to 1.1&. Our present
understanding is that the variable magnesium isotope signature of sub-recent sabkha dolomites is related to complex
kinetics of precursor formation, dissolution/precipitation
reactions including microbiological eﬀects and involves variable Mg sources and sinks in a temporally and spatially
variable microenvironment.
The observation that fossil sabkha dolomites from different time intervals (Neoproterozoic, Mississippian, Permian, Triassic and Pleistocene) display more negative mean
d26Mg ratios (2.11& ± 0.54& 2r; n = 14; Fig. 4) than
those from modern systems (0.5& to 1.1&) merits
attention. It could be hypothesized that this is because of
secular changes controlled by plate tectonic conﬁguration
and continental runoﬀ (Tipper et al., 2006b; Wimpenny
et al., 2014b), changes in seawater Mg/Ca ratio and evolutionary trends of marine organisms (Stanley, 2006) sea-level

change and related waxing and waning of epeiric seas aﬀecting carbonate precipitation and dissolution as well as
changes in seaﬂoor spreading rates and oceanic hydrothermal activity (Tipper et al., 2006c; Beinlich et al., 2014). All
are expected to aﬀect d26Mgseawater ratios on the time scale
of many Myr (Pogge von Strandmann et al., 2014). Modern
seawater d26Mg values are on the order of 0.82& independent of water depth or geographic location (see references in Hippler et al., 2009). Its secular variation is
expected to vary only slowly due to long Mgseawater residence times of s  13 Myr were suggested by Broecker
and Peng (1982) and the variables discussed above. At present, however, the only study assessing possible temporal
changes in seawater d26Mg is the one by Higgins and
Schrag (2012) showing downcore ﬂuctuations in bulk sediment d26Mg in excess of 1.5& attributed to a secular range
of seawater Mg over the Neogene. Such secular changes,
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however, cannot be the only explanation for the diﬀerences
between modern sabkha dolomite d26Mg and that of the
ancient. The ancient values range between 2.49& and
1.67&, i.e. less than 1&. The youngest of the ancient
samples is a Pleistocene one from Abu Dhabi, with d26Mg
of 2.05, essentially a sample from northern Gulf in Saudi
Arabia close to the modern sabkha samples, just slightly
older. This value is 1& more negative than the most negative of the modern samples. Because of the young age, this
shift cannot be explained by secular variation, and thus,
their compositions must be explained by alteration of the
original dolomite. In a recent paper, Pogge von
Strandmann et al. (2014) present an interpretation of
d26Mgseawater over the last 40 Myr as based on foraminifera
tests. Assuming that these data are valid, d26Mgseawater
gradually shifts from the present value of 0.82 to values
near 0& at 20 Ma. Given that the reported shift to less negative seawater values is the opposite of what we observed in
the Pleistocene sabkha dolomites, that are more negative in
terms of their d26Mg isotope ratios relative to recent ones,
we conclude that it is likely that d26Mg values of the ancient
sabkha dolomites have been diagenetically reset. Their
compositions are likely controlled by a combination of
the original setting, diagenetic alteration and secular variation of the system, and thus, compositions do not lie in a
clearcut and distinct d26Mg ﬁeld compared to other
dolomites.
Altered marine dolomites yield d26Mg ratios of 1.86&
to 1.10& with a mean of 1.41 ± 0.64& (n = 4). Altered
marine dolomite d26Mg values are mostly less negative than
those of sabkha dolomites and similar to those of lacustrine/palustrine and hydrothermal dolomites (Fig. 5;
Table 1). This dolomite type is characterized by intercrystalline vuggy and moldic porosity and consists of zoned
crystals (Fig. 4C, D) similar to hydrothermal dolomites.
These dolomites are expected to reﬂect a mixed low-temperature Mg source (<30 °C) including seawater Mg and also
Mg derived from diagenetic ﬂuids (Fig. 4B). As the case
for all carbonate d26Mg signatures, non-equilibrium fractionation factors between low temperature ﬂuid and dolomite (Schauble, 2011) as well as possible Mg sinks during
dolomite precipitation (Wimpenny et al., 2014a) are considered to play a signiﬁcant role.
The d26Mg values of lacustrine and palustrine dolomites
range between 2.08& and 0.53& with a mean of
1.25 ± 0.86& (2r, n = 14). These dolomites precipitate
in the context of marine transgressions over low-lying
coastal swamp areas (Fig. 2; Richter et al., 2014, and references therein) or in hypersaline lakes. The main Mg source
is seawater percolating downwards into organic-rich swamp
deposits during marine transgressions in the case of palustrine dolomites. In the case of lacustrine dolomites, the
main Mg source is saline continental groundwater. As for
sabkha-type dolomites, the evaporated pore ﬂuid d26Mg
signature might have changed over time. Lacustrine and
palustrine dolomites precipitate in organic-rich host sediments that contain abundant Mg-bearing silicates and plant
material. Similar to continental weathering pathways
(Riechelmann et al., 2009, 2012a), it seems likely that Mg
bearing silicates contributed magnesium with an isotope

ratio in the order of about 0.2& to the dolomite crystals
during precipitation and diagenetic processes (Higgins and
Schrag, 2012; Fig. 4B) but the co-precipitation of Mg-bearing sheet silicates (Wimpenny et al., 2014a) is also expected
to aﬀect d26Mgﬂuid. There is evidence to suggest that silicates might preferentially release 24Mg into the pore ﬂuid
during leaching and dissolution but the related processes
are insuﬃciently understood. Moreover, if secondary silicates form in the weathering domain, these preferentially
uptake isotopically heavy Mg leaving the pore ﬂuid
depleted (Wimpenny et al., 2014a). Moreover, the inﬂuence
of plant or microbial soil activity will further aﬀect both
products and processes (Bolou-Bi et al., 2010). Precipitation
temperatures are poorly constrained and may vary signiﬁcantly between diﬀerent precipitation environments but
remain in the range of ambient land surface temperatures
for tropical to sub-tropical environments to arid regions.
Late diagenetic hydrothermal dolomites display the
most diverse d26Mg range of 0.45& to 2.22& and are
characterized by mean values of 1.44& (±1.33& 2r,
n = 10; 5A, B, Table 1). Dolomite precipitation in the burial realm diﬀers from all other dolomitization environments
discussed here due to the elevated ﬂuid temperatures of 90–
180 °C as deduced from clumped isotope and ﬂuid inclusion
data. At such high temperatures, dolomite formation and
the rate of dolomitization is inﬂuenced by several factors
including solution Mg/Ca ratio and degree of ﬂuid supersaturation with respect to dolomite (Sibley et al., 1994).
Moreover, the burial domain is rock dominated with
respect to Mg sources for the dolomitizing ﬂuids. Saddle
dolomites from the Indian Basin in New Mexico (USA),
for example, were associated with hydrothermal ﬂuid ﬂow
driven by thermal convection following tectonic fracturing
(Hiemstra and Goldstein, 2004, 2014). Evidence for hydrothermal ﬂuid ﬂow includes ﬂuid inclusion data, with typical
repeated rise and fall in ﬂuid temperature (90–160 °C;
Hiemstra and Goldstein, 2004), and a spatial distribution
of Sr isotopes and oxygen isotopes indicating preferred
ﬂuid ﬂow and highest temperatures in fault damage zones.
Hydrothermal ﬂuids sampled in the Atlantic/Paciﬁc
domain are found to be either “indistinguishable” from seawater or enriched in 24Mg by up to 2.4& relative to seawater (Galy et al., 2006; Fig. 4B). The broad magnesium
isotope data scatter of hydrothermal dolomites (±1.33&,
2r) and the often complicated zonation of hydrothermal
dolomites including precipitation and dissolution features
is in agreement with a multi-source origin of Mg and its
changes with time (Fig. 3G, H). Given that aquifer bulk
geochemistry (source), rock–water interaction, ﬂuid chemistry and properties as well as Mg sinks diﬀer spatially and
temporally within individual basins and between diﬀerent
basins, the resulting scatter in hydrothermal ﬂuid d26Mg
ratios is not surprising. In contrast to the previously
reported low-temperature settings, kinetic factors related
to the dehydration of Mg aquo-complexes are expectedly
less signiﬁcant at elevated temperatures (Pearce et al.,
2012). Conversely, dolomite precipitation rates are expected
to be higher at elevated temperatures whereas the inﬂuence
of precipitation rates on carbonate d26Mg ratios may be
subdued and the actual d26Mgdol to reﬂect near isotope
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equilibrium conditions (Pearce et al., 2012; Beinlich et al.,
2014).
Clumped isotope thermometry allows new insights into
both the temperature and the source of diagenetic ﬂuids
recorded in ancient carbonates (Ferry et al., 2011). As a ﬁrst
step, the possibility of a re-equilibration/resetting of hydrothermal dolomites during deeper burial/recrystallization
with regard to clumped isotopes and Mg isotopes must be
considered. Diﬀusional blocking temperatures for slowly
cooled regional metamorphic dolomite marbles are found
to be around 300 °C (Eiler, 2011). First partial re-equilibration is proposed for temperatures greater than 250 °C (calcite; Dennis et al., 2011). The clumped isotope temperatures
of various dolomites are well below these blocking temperatures (120–180 °C). When plotting d26Mgdol against ﬂuid
temperatures as deduced from clumped isotope data in this
study (Fig. 5) no obvious relation is found (R2 = 0.14).
These ﬁndings agree with previous work (Geske et al.,
2012; Lavoie et al., 2014; Li et al., 2014a,b) suggesting that
temperature-induced, D26Mgﬂuid-dol sensu Schauble (2011)
is blurred and overprinted by factors such as kinetics, Rayleigh fractionation or changes in the sources and sinks of
Mg in the ﬂuid over time. The fact that here, hydrothermal
dolomites from several basins are merged into one data set
complicates the issue. The way forward is clearly the combination of ﬂuid inclusion and clumped isotope thermometers applied to well-constrained dolomite samples from one
basin.
5.3. Fluid versus rock dominated dolomitization environments
The main source of Mg for marine or lacustrine dolomites, derived from the (dolomitizing) pore ﬂuid, is sea or
lake water and, in the absence of secondary diagenetic
resetting, changes in d26Mgporewater could be expected to
be recorded in ancient marine (or lacustrine) dolomites
(Higgins and Schrag, 2012). Commonly, the volume of
sea or lake water by far exceeds the volume of the marine
dolomites formed. Considering cool to moderately warm
ﬂuid temperatures (<60 °C; sabkha type dolomites, altered
marine dolomites and lacustrine/palustrine dolomites), the
activation energy for dolomite precipitation is high and
here, dehydration of free Mg aquo ions is arguably one of
the most important parameters controlling dolomite
D26Mgﬂuid-dol (Mavromatis et al., 2013; Li et al., 2014a,b).
As detailed in Li et al. (2014a,b), the average bond lengths
for Mg in diﬀerent carbonate minerals where Mg is a constituent are additional and important factors aﬀecting the
fractionation between ﬂuid and diﬀerent carbonate minerals. Nevertheless, given that we here refer to dolomites only,
mineralogical diﬀerences in bond lengths seem less
important.
Conversely, in the basinal (burial) domain, rock–water
interaction under elevated ﬂuid temperatures and corresponding sources and sinks of magnesium are dominant
factors aﬀecting d26Mgdol (Geske et al., 2012; Azmy et al.,
2013; Lavoie et al., 2014). Whilst the temperature related
fractionation kinetics for dolomite is not constrained, a
number of general considerations oﬀer themselves. The
reactivity between a solid and a solution percolating
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through a given lithology depends mainly on the saturation
state of the pore ﬂuid with respect to the minerals present
and results in changes of the solid and the solution composition (Morse and Arvidson, 2002; Bjorlykke and Jahren,
2012). Moreover, there is evidence that at equilibrium, there
is chemical and isotopic exchange in ﬂuid-rock systems
(Pearce et al., 2012). Commonly, high-temperature basinal
brines have experienced signiﬁcant rock–water interaction.
Inorganic magnesium sources during diagenesis include
the pore ﬂuid, dissolved or leached Mg derived from carbonate rocks (limestone, dolostone, marble; Immenhauser
et al., 2010), evaporites, silicate rocks such as basalts, granites, saprolites, diabase, sandstones or loess (Wimpenny
et al., 2014a, and references therein), ultramaﬁcs (Beinlich
et al., 2014) and metamorphic (Li et al. (2014a,b)) or volcanic rocks (Pogge von Strandmann et al., 2008a,b; Opfergelt
et al., 2012). Obviously, as documented by the often zoned
nature of hydrothermal dolomites (Fig. 3H), burial ﬂuids
change with respect to their properties through time. Magnesium sinks that aﬀect the d26Mgﬂuid include diagenetic
carbonates precipitated in the aquifer or along faults prior
to reaching the dolomitization site (prior calcite precipitation sensu Wassenburg et al., 2013) and secondary clay
minerals (Higgins and Schrag, 2010; Wimpenny et al.,
2014a) representing a sink for the free Mg aquo ion.
In conclusion, lacustrine or marine dolomitization environments diﬀer in several respects from those of the burial
realm, whilst fundamental dolomite precipitation kinetics
will remain generally applicable. Perhaps most important
is the dominance of sea- or lake water, representing the
main Mg source in these dolomitization environments, that
in the subsurface, is contrasted by the elevated temperature
and diﬀerent chemistry of burial brines dominated by rock–
water interaction. Speciﬁcally, in burial environments, it is
often the host rock and related leaching and dissolution
processes that aﬀect or even control the pore ﬂuid chemistry. Moreover, ancient marine dolomites undergo, in many
cases, diﬀerential burial-diagenetic pathways leading to the
precipitation of late dolomite cements in pore space. When
sampled without control on the petrography of these rocks,
an unspeciﬁed admixture of environmental and diagenetic
phases and signals results.
5.4. Open versus closed system behavior
Rock buﬀered, “closed” diagenetic systems refer to environments where pore waters are subject to multiple dissolution-precipitation cycles within one rock type (Lohmann,
1978; Czerniakowski et al., 1984; Melim et al., 2002;
Bjorlykke and Jahren, 2012; Geske et al., 2012). Along with
these solution-precipitation cycles, the pore water composition is progressively modiﬁed (Morse and Arvidson, 2002).
In a “closed” system all available pore space is ﬁlled with a
diagenetic ﬂuid that exchanges its geochemical composition
with the host mineral phase and thus approaches
geochemical/isotopic equilibrium. Having said this, the
authors acknowledge that the term “closed system behaviour” is at best conceptual. This is because geochemically
fully closed environments are unlikely to exist in natural
systems.
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With regards to the Mg isotope system of dolomites, an
example of a “closed” diagenetic, rock buﬀered system was
described for the Norian Dolomia Principale (Hauptdolomit) in the Alpine realm (Geske et al., 2012). The burial
Mg source was dominated by Mg recycled from the Dolomia
Principale sabkha dolomite itself. Here ﬂuids circulated in a
regionally extensive and stratigraphically very thick dolostone rock body with limited internal geochemical (d26Mg)
variability. The Dolomia Principale d26Mg isotope ratios
remain invariant above 100 °C (d26MgD2 mean [100 °C] =
1.84 ± 0.16&, n = 8; d26MgD2 mean [350 °C] = 1.89 ±
0.13&, n = 7). Apparently, the observed burial homogenization of d26Mg ratios under increasing temperature leads to
increasing rates of rock–water interaction (Morse and
Arvidson, 2002; Watson and Baxter, 2007).
Conversely, Mississippi Valley type samples (Table 1,
Appendix A1) are all hydrothermal in origin. Fluid inclusions from these and other hydrothermal dolomites reveal
homogenization temperatures (Th) of 90–170 °C
(Hiemstra and Goldstein, 2004), a range that is in good
agreement with calculated precipitation temperatures estimated from clumped isotope thermometry (102–180 °C;
Table 1 and Fig. 5a). From the conceptual perspective
taken here, we consider Mississippi Valley type and other
hydrothermal dolomites as open system precipitates, but
derived from basinal brines that have undergone extensive
rock–water interaction. The d26Mgcalcite-solid fractionation
matches that expected for an equilibrium relation (Li
et al., 2012a), where fractionation in crystalline materials
and solutions decrease with increasing temperature
(Fig. 5A; Schauble, 2004).
Concluding, the issue of open versus closed diagenetic
environments requires attention when dealing with ancient
dolostones. Essentially, previous work has shown that
dolomite d26Mg ratios from subsamples taken in a volumetrically large dolostone rock body show remarkably conservative (closed system) behavior even when exposed to
burial diagenesis reaching ﬂuid temperatures of 350 °C.
This is promising with regard to for example Precambrian
dolostone successions. Conversely, stratigraphically thin
or spatially limited dolostone rocks bodies may undergo
signiﬁcant geochemical alteration in an open system diagenetic setting even when exposed to limited burial depths
and temperatures.
6. CONCLUSIONS
A total of 42 samples of four diﬀerent types of Precambrian to Phanerozoic dolomites (sabkha; altered marine
(formerly “mixing zone”); lacustrine and palustrine; hydrothermal) were investigated for their corresponding magnesium-isotope signatures. Precipitation and subsequent
diagenetic pathways of all analyzed samples were established, unless well documented in previous work, by means
of supporting sedimentological, petrographic, crystallographic and circumstantial geochemical evidence. Magnesium isotope data of all investigated dolomite types in
this study show the following average d26Mg values:
2.11& (±0.54& 2r; n = 14, marine evaporative sabkha),
1.41& (±0.64& 2r; n = 4, altered marine, formerly

“mixing zone”), 1.25& (±0.86& 2r, n = 14, lacustrine/
palustrine) and 1.44& (±1.33& 2r, n = 10, hydrothermal). This implies that dolomites lack typical d26Mg signatures characterizing their speciﬁc environment of
dolomitization precipitation.
Early diagenetic sabkha dolomites are characterized by
the most depleted d26Mg signatures of 2.11 ± 0.54&
(2r, n = 14). Precipitating pore ﬂuids reach temperatures
on the order of 20–30 °C. The main Mg sources include seawater and pre-existing metastable carbonate minerals.
Variation is in part reﬂective of original diagenetic setting,
later alteration and secular variation.
Stoichiometric altered marine dolomites yield marine Sr
isotope values (0.7074), whereas C (2.1&) and O (4.2&)
isotope values point to signiﬁcant alteration. The
d26Mgmean ratios of altered marine dolomites are
1.41 ± 0.64& (2r, n = 4) and are not distinctly diﬀerent
from lacustrine/palustrine dolomites or hydrothermal dolomites, but may be slightly enriched in relation to sabkha
dolomites.
Early diagenetic disordered lacustrine and palustrine
dolomite Sr isotope ratios (0.7085) and d13C isotope signatures (6.3&) point to a silicate Sr source and bacterial oxidation during dolomitization. The d26Mgmean values of
lacustrine and palustrine dolomites are 1.25 ± 0.86&
(2r, n = 14) implying that these dolomites may be slightly
enriched in 26Mg compared to those of sabkha
environments.
Late diagenetic (stoichiometric) hydrothermal dolomites
yield radiogenic 86Sr/87Sr ratios (0.7089) pointing to precipitation from dolomitization ﬂuids characterized by radiogenic Sr signatures. Clumped isotope ﬂuid temperatures
are above 120 °C (D47) for zoned dolomite crystals but lack
a systematic relation to d26Mgdol. Hydrothermal dolomites
display relatively heavy d26Mg signatures and display the
widest range in dolomite d26Mg ratios (mean of 1.44&;
±1.33&, n = 10). Multiple and temporally changing carbonate–silicate Mg sources, variable ﬂuid reservoirs and
fractionation eﬀects provide reasonable explanations for
the observed scatter in d26Mg ratios.
The present paper provides a foundation for future
research and oﬀers a wealth of background required to
interpret dolomite d26Mg ratios in their depositional and
diagenetic framework. The present knowledge on dolomite
fractionation factors is discussed and placed in context with
the data shown here. Based on this work, it is concluded
that the compilation of insuﬃciently constrained, bulkdolomite data sets and particularly the extraction of sophisticated interpretations from these data sets with respect to
changes in dolomite formation environments or seawater
geochemistry can lead to erroneous conclusions. Nevertheless, it is also suggested that dolomite d26Mg can in principle be interpreted when placed within a suﬃciently detailed
framework of understanding.
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– Ein Überblick. Facies 23, 175–184.
McArthur J. M., Howarth R. J. and Bailey T. R. (2001) Strontium
isotope stratigraphy: LOWESS Version 3; best ﬁt to the marine

150

A. Geske et al. / Geochimica et Cosmochimica Acta 149 (2015) 131–151

Sr-isotope curve for 0–509Ma and accompanying look-up tabe
for deriving numerical age. J. Geol. 109, 155–170.
McKenzie J. A. (1981) Holocene dolomitization of calcium
carbonate sediments from the coastal sabkhas of Abu Dhabi,
U.A.E.: A stable isotope study. J. Geol. 89, 185–198.
Milliman J. D. (1974) Marine Carbonates. Springer, Berlin, pp. 375.
Morrow D. W. (1982) Diagenesis 2. Dolomite – Part 2
Dolomitization models and ancient dolostones. Geosci. Can.
9, 95–107.
Morse J. W. and Arvidson R. S. (2002) The dissolution kinetics of
major sedimentary carbonate minerals. Earth Sci. Rev. 58,
51–84.
Murray R. C. (1960) Origin of porosity in carbonate rocks. J.
Sediment. Petrol. 30, 59–84.
Müller D. W., McKenzie J. A. and Mueller P. A. (1990) Abu
Dhabi sabkha, Persian Gulf, revisited: Application of strontium
isotopes to test an early dolomitization model. Geology 18, 618–
621.
Neuser R. D., Bruhn F., Götze J., Habermann D. and Richter D.
K. (1996) Kathodolumineszenz: Methodik und Anwendung.
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Verbindung deutscher Höhlen und Karstforschung 2, 44–52.
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