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Abstract

Ab initio molecular dynamics simulations andin situRaman spectroscopy are used to study

the speciation in two molal aqueous MgSO4 solutions at high pressures,P, and temperatures,

T. While at ambient conditions the fluid is dominated by dissociated SO2−
4 (aq) ions and sol-

vent separated ion pairs, ion association strongly increases with increasing temperature and

pressure along an 1.33 g/cm3 isochore. AtT = 450◦C andP = 1.4 GPa, theν1-SO2−
4 Raman

band is well described by three Gaussian+Lorentzian components of about equal intensity

with peaks at about 980, 995 and 1005 cm−1. Analysis of the simulations, however, indicates

the coexistence of more than three species, including dissociated SO2−
4 (aq) ions, contact and

triple ion pairs as well as larger complexes. In addition, the sulfate groups may be bonded to

Mg as monodentate or bidentate ligands. The frequencies of the associated species seem to

depend mainly on the type and number of Mg-SO4 bonds. We interpret the two rather broad

high-frequency Raman components as a single ’Mg-SO4 contact’ component with variable fre-

quency distribution. As a consequence, theν1-SO2−
4 Raman band provides only information

on the molecular environment of the sulfate group, i.e. individual species cannot be resolved.

At fluid densities less than about 1.2 g/cm3 and temperatures above 400◦C, the formation of

HSO−
4 (aq) containing species is observed in both simulations andexperiments, which may be

accompanied by a change in pH and electrical conductivity.

Introduction

The binary H2O-MgSO4 is one of the most important systems to model natural aqueousfluids.

Magnesium sulfate is the second most abundant solute in Earth’s seawater, and sulfate is very

common in aqueous fluids and melts in the lithosphere1. Under oxidizing conditions, sulfate can

be transported to great depth (at least to∼40 km) in subduction zones and released into the fluid

phase upon slab dehydration2. In addition, there is growing evidence that MgSO4 plays a very

important role in extraterrestrial aqueous environments.It is long known that magnesium sulfates

are by far the most abundant water-soluble low-temperatureaqueous alteration products in car-
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bonaceous chondrites3. Hydrated magnesium sulfates have been found on the surfaces of Mars4,

and Europa5. Galileo spacecraft magnetometric measurements indicated an electrically conductive

layer in the near-surface interior of the Jupiter moon Europa, interpreted as subsurface ocean with

Mg2+ and SO2+
4 as dominant dissolved ions6.

Aqueous MgSO4 solutions have been studied extensively at ambient pressure,P, as a function

of temperature,T. In an early work, Noyeset al.7 related the electrical conductivity of aqueous

MgSO4 fluids to their degree of ionization. For a 0.01 molal solution, the electrical conductivity

initially increases from ambientT to about 100−150 ◦C and is reduced again at higher temper-

atures8. Close to ambient conditions, a maximum in the specific conductivity was observed at a

concentration corresponding to a 1.7 molal solution9.

Studies using ultrasonic absorption and dielectric relaxation spectroscopies have shown the si-

multaneous existence of different associated species10,11, which according to the association model

of Eigen and Tamm10 are the double solvent separated ion pair (2SIP), Mg(H2O)2SO4(aq), the sol-

vent separated ion pair (SIP), Mg(H2O)SO4(aq), and the contact ion pair (CIP), MgSO4(aq). For

concentrated solutions (>1 molal), triple ions (TI), e.g. MgSO4Mg2+(aq), or more aggregated

species are suggested11. Based on information from dielectric relaxation spectroscopy, the con-

centration of TIs increases strongly with temperature and concentration, and that of CIPs increases

steadily with the total solute concentration at 5 and 25◦C and passes through a maximum at∼1.8

molal at 45◦C and∼1.4 molal at 65◦C, due to increasing TI formation12. The concentrations

of 2SIPs and SIPs generally decrease with temperature and gothrough maxima at∼0.1 and∼0.5

molal12.

Furthermore, temperature and concentration dependent changes of the symmetric stretching

mode of sulfate (ν1−SO2−
4 ) in Raman spectra of MgSO4 solutions have been related to the coex-

istence of different sulfate species13–17. Although the interpretation of the observed spectra has

been somewhat controversial, particularly on the assignment of theν1−SO2−
4 band component at

∼995 cm−1 to CIPs14, most authors agree that these changes are due to increasingconcentrations

of more associated species, including bidentate ligands, triple ions and larger clusters15,17. The
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Raman data also suggest the dominance of CIPs at higher temperature17, which is in agreement

with the relaxation spectroscopic studies mentioned above. The interpretation of the vibrational

spectra was accompanied byab initio simulation studies on hydrated clusters18–20.

However, much less is known about MgSO4 in aqueous fluids at highP andT as present in

planetary interiors. Ritzert and Franck8 studied 0.01 molal MgSO4 fluids at densities between 0.8

and 1.2 g/cm3 and temperatures from ambient to 317◦C. They found generally higher electrical

conductivity with increasing pressure at constantT, but this ceased at densities above 1.1 g/cm3,

at least along isotherms to 87◦C. From an exploratory Raman spectroscopy study of an 0.5 molal

MgSO4 solution up to 1.1 GPa and 500◦C, Frantz et al.21 conclude increasing MgSO4 association

with increasingP andT along an isochore corresponding to a density of about 1.0 g/cm3.

The distribution of sulfate species at highP, T and MgSO4 concentrations,x, in these solu-

tions is still largely unknown. Their determination requires not onlyin situmeasurements but also

reliable molecular modeling for interpretation of the experimental data. Here we combine both

approaches to address this issue. While the simulations help to identify different species and their

stability as a function ofP andT, the experiments provide quantitative information on their distri-

bution. Experimental methods that may provide direct or indirect information on the structure of

aqueous fluids include optical spectroscopy21 as well as x-ray and neutron scattering techniques22.

Raman spectroscopy is the experimental method of choice to study speciation in fluids at extreme

conditions since it is element specific and sensitive enoughto cope with the small sample volumes

in highP−T optical cells21,23.

Regarding different methods of molecular modeling, a reasonable compromise between accu-

racy and efficiency has to be made. Accurate vibrational frequencies of the sulfate group have

been obtained from static cluster calculations of different species using quantum chemical meth-

ods18–20. Those frequencies may be representive of the fluid close to ambient conditions but they

are not directly applicable to extreme conditions. For a quantitative analysis of speciation, a suf-

ficiently large set of molecular configurations has to be sampled. For aqueous NaCl solutions,

speciation was evaluated from long classical molecular dynamics simulations at ambient24 and
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supercritical25 conditions. However, it was shown recently26 that both the binding free energy of

NaCl in solution and the Na–Cl distance in SIPs vary considerably between popular classical force

fields and more accurate density-functional theory (DFT)27,28 based calculations. Since MgSO4

solutions are chemically more complex than NaCl solutions,their classical force fields are expected

to be even less reliable, especially towards extreme conditions ofP andT. We therefore chose an

ab initio DFT-based approach to perform molecular dynamics simulations. The latter is compu-

tationally much more expensive than classical force field calculations and hence restrictions on

system size and total simulation time are more severe. However, the kinetics of speciation changes

is reasonably fast at the high temperatures of interest here. Another advantage of the quantum me-

chanical method chosen here over classical potentials is the ability to predict chemical reactions

(e.g. hydrolysis) and hence the formation of new species without need of explicit parameterization.

Methods

Ab initio molecular dynamics simulations

Theab initio molecular dynamics simulations are performed using the Car-Parrinello technique29

as implemented in the CPMD code30. The system consists of 120 water and four MgSO4 molecules,

which adds up to a total of 384 atoms. Such a relatively large simulation cell is needed to represent

an about two molal solution and to allow for ion pairing, for which at least a few molecules of the

solute need to be present. The calculations are performed using the BLYP exchange correlation

functional31,32 in conjunction with Goedecker-type pseudopotentials33. The Kohn-Sham orbitals

are expanded in plane-waves up to an energy of 70 Ry. For the Car-Parrinello molecular dynamics,

a fictitious electron mass of 600 a.u. and a time step of 0.12 fsare used. The CPMD simulations

are performed in the NVT ensemble (constant number of particles, volume and temperature). The

temperature is controlled by a Nosé-Hoover chain thermostat34,35.

The initial structure with a fluid density of 0.75 g/cm3 is taken from a classical molecular

dynamics simulation of pure H2O using the SPC/E potential, to which the ions are added. This
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configuration is then annealed in a CPMD simulation for 8 ps ata temperature of 727◦C. Starting

configurations for simulations at higher densities are subsequently produced by rescaling the sim-

ulation cell and atomic positions of the previous lower density simulation. At each volume, short

equilibration runs of 3−4 ps are made before production runs of at least 10 ps are started and new

higher density configurations are produced. The highest fluid density of this study is 1.50 g/cm3.

The final configurations of the 727◦C production runs are then cooled subsequently to 527, 327

and 227◦C keeping the cell volume constant. Again, short equilibration runs are performed at each

temperature before production runs are started or the temperature is reduced further.

Raman spectroscopy

An externally heated Bassett-type hydrothermal diamond-anvil cell (HDAC)36 equipped with type

Ia ultra-low fluorescence grade diamond anvils (culet diameter 0.9 mm) was used as optical cell.

The temperature in the sample chamber of the HDAC was measured using K-type thermocou-

ples attached to the diamonds, and calibrated based on theα − β quartz transition temperature

(574◦C at 0.1 MPa) and the triple point of H2O (0.01◦C, 0.6 kPa). The power input to the resis-

tive heaters (NiCr coils around the tungsten carbide seats of the diamonds) was controlled using

Eurotherm 2408 temperature controllers, which held the settemperature within±0.2 ◦C during

spectra recording.

A piece of natural quartz and a 2.0 molal MgSO4 solution were loaded into the HDAC sample

chamber, which consisted of a hole (initial diameter 500µm) in an iridium gasket separating the

anvils. Because of water evaporation during loading, the actual MgSO4 concentration was some-

what higher in the sealed sample chamber. A solute concentration of about 2.2±0.1 molal was

obtained from spectral parameters of theν1-SO2−
4 Raman band (integrated intensity percentage of

the band component at∼995 cm−1, Raman shift and full width at half maximum of the compo-

nent at∼980 cm−1) measured at 22◦C and 0.38 GPa. These parameters were calibrated using

measurements on MgSO4 solutions in the HDAC, the concentrations of which were constrained

from the vapor-saturated liquidus temperature. The pressure was determined from the calibrated
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frequency shift of the 464 cm−1 Raman line of quartz (Schmidt and Ziemann37, equations (2) and

(3) therein), with a random error of about 25 MPa.

The 2.2 molal solution was heated along an isochore from 22◦C, 0.38 GPa to 450◦C, 1.4 GPa

(Figure 1). TheseP−T −x conditions correspond to a fluid density of 1.33 g/cm3 3. Unpolarized

Raman spectra of the solution in the region of the sulfate symmetric stretching mode (ν1-SO2−
4 )

and of quartz were recorded at several temperatures. Along this heating path, the fluid was super-

saturated with respect to kieserite (monoclinic MgSO4·H2O) at most conditions, except at 22◦C

and, possibly, at 100◦C3. At 450 ◦C, the pressure decreased slightly with time, the surface of

the quartz chip appeared corroded, and unidentified small precipitates formed. Further heating to

500◦C caused rapid growth of a kieserite crystal, coupled with a substantial decrease in pressure

from 1.4 to 0.9 GPa (Figure 1). Upon cooling, this crystal continued to grow at 400◦C, but started

to dissolve at T≤300◦C. Sulfate crystals were still present after cooling to 22◦C, vapor pressure.

The Raman spectra were acquired in backscattering geometryusing a HORIBA Jobin Yvon

LabRAM HR800 UV-Vis Raman microprobe (gratings 1800 lines/mm, focal length 800 mm, con-

focal pinhole aperture 100µm, objective Nikon MPlan SLWD 40x, excitation by 488.0 nm line

from Ar+ laser). The laser interference filter was removed to record plasma lines for wavenumber

calibration. The laser power at the source was 407±1 mW. This corresponded to a power at the

entrance of the optical cell of about 66 mW, and was low enoughto avoid laser heating of the

sample. Raman spectra of the solution were collected with 20(some spectra 5 or 10) accumu-

lations of 20 s each, those of quartz with 10 accumulations of15 s each. Nominal focal point

positions in the fluid were 15 to 30µm below the upper sample chamber surface to obtain compa-

rable integrated intensities of Raman bands23,38. Spectra fitting was done using a linear baseline, a

symmetric shape (Gaussian-Lorentzian sum (area) model) for theν1-SO2−
4 components17 and the

asymmetric model Pearson IV for Raman lines of quartz and plasma lines23,37.
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Results

Solvent structure from CPMD

Changes in the solvent structure with pressure at the highest temperature (727◦C) are similar to

those discussed in a previous paper on aqueous LiF solutions39. Intermolecular O-H distances

and oxygen-oxygen distances decrease with increasing pressure. A shoulder in the O-H radial

distribution function,gOH(r) at a distancer of about 2 Å indicates the presence of some hydrogen

bonding. There is, however, strong overlap with the non-hydrogen bonded O-H peak at about

3 Å. Analysis of the dynamics of the hydrogen bonds reveals very short lifetimes of no more than

0.1 ps. The nearest neighbor coordination number of oxygen by other oxygen ions increases from

9.0 at the lowest pressure (ρ = 0.75 g/cm3) to about 12.5 at a density of 1.2 g/cm3. Then, it remains

constant towards higher densities, which indicates a closepacking of oxygen ions. With decreasing

temperature, the nearest neighbor oxygen-oxygen distancebecomes shorter. As in the aqueous LiF

system39, there is a change in the slope of the oxygen-oxygen distanceat high fluid densities (here

between 1.2 and 1.4 g/cm3, see Figure 2). The first intermolecular peak ingOH(r) that is related

to hydrogen bonding becomes more pronounced at lower temperature and is observed between 1.7

(highest density) and 2.0 Å (lowest density).

Some hydrolysis is observed especially at lower densities (see Figure 3). Both proton and

hydroxide ions from dissociation of H2O molecules do not exist as free species but attach quickly

to SO2−
4 and Mg2+ ions to form HSO−4 and MgOH+ containing complexes (see Figure 4).

Solute speciation from CPMD

During the course of the simulations a variety of solute species is observed, some of which are il-

lustrated in Figure 4. As mentioned above, hydrolysis leadsto the formation of HSO−4 and MgOH+

containing complexes, especially at densities below 1.1 g/cm3. At the lowest density (0.75 g/cm3),

two Mg ions cluster in a SO4(MgOH)2(aq) complex with short Mg-Mg distance (3.0 to 3.8 Å).

At the highest densities, part of the solutes is dissociatedinto Mg2+(aq) and SO2−4 (aq) ions. The
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dominant species at densities above 1.0 g/cm3 are, however, contact ion pairs MgSO4(aq), triclus-

ters and short chains of MgSO4MgSO4(aq). In these complexes, SO2−
4 acts as both monodentate

or bidentate ligand. The distinction between the latter is apparent in thegMgS(r) radial distribution

function (see Figure 5). Especially at high temperatures, changes in the speciation are frequent

even on the short picosecond time scale of the CPMD simulations. As a result, a distribution of

mono- and bidentate ligands is observed over the whole density range. This distribution shows a

shift from predominantly bidentate towards predominantlymonodentate sulfate ligands with in-

creasing fluid density (Figure 5).

The distribution of vibrational frequencies of the four sulfur atoms is obtained from the power

spectrazS(ν) of the velocity autocorrelation functions40. Note that these spectra contain all fre-

quencies that involve motions of the sulfur atoms and that they are not directly comparable to

the Raman spectra presented below, which are related to changes in the polarizability. Therefore,

only the peak frequencies are compared and discussed but notthe spectral shapes. As an exam-

ple, thezS(ν) for the simulations atT = 272 ◦C andρ = 1.10 g/cm3 are shown in Figure 6. In

this case, three different aqueous species are identified. The first is a (SO4)Mg(SO4)2−(aq) tri-

cluster where the two sulfate groups are both bonded to a single Mg. The corresponding sulfur

frequency spectra are peaked at 988 and 967 cm−1. Both sulfate groups act predominantly as

monodentate ligands, but in the course of the simulation they are temporarily transformed into

bidentate ligands (10 % and 40 % of the total simulation time,respectively). The second species is

a Mg2(SO4)(MgOH)3+(aq) complex, that was not observed in simulations at other densities. The

spectral weight of this complex is slightly shifted to higher frequencies (maximum at 1005 cm−1).

Finally, an HSO−4 (aq) complex with a considerably higher peak frequency of 1090 cm−1 is ob-

served.

Figure 7 gives the distribution of species and their vibrational frequencies. Only the maxima of

thosezS(ν) are shown that clearly correspond to individual species, i.e. the frequency maxima of

sulfate ions that change their speciation during the simulation are omitted. The HSO−4 containing

species are clearly concentrated in the lower density region at distinctly higher frequencies com-
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pared to those of SO2−4 containing species. Even though the scatter in the frequencies of the latter

is large, CIPs with bidentate ligands appear to have higher frequencies than monodentate CIPs.

Adding a second (or third) Mg neighbor to a SO2−
4 group may also increase the frequency slightly

(see also Figure 6).

The frequency changes between the different species may be related to deformations of the SO4

tetrahedra. The fully hydrated SO4(aq) complex resembles in average a perfect tetrahedron with

O-S-O bond angles close to 109.5◦ and a mean bond length of 1.52 Å. When a contact ion pair is

formed, the S-O bond length of the oxygen bonded to a Mg is slightly increased to about 1.54 Å.

The other S-O bond lengths should decrease accordingly but this could not be resolved due to

statistical fluctuations. Changes in the bond angles are significant but smaller than 2◦. Much larger

deviations are observed for the HSO−
4 (aq) complex. The mean S-O(-H) bond length is increased to

1.66 Å, while the other S-O distances are decreased to 1.49-1.50 Å. Mean O-S-O(-H) bond angles

are observed between 104◦ to 107◦ while the remaining O-S-O bond angles range between 112◦

and 113◦.

Finally, the mean Mg coordination by oxygens is shown in Figure 8. It increases almost linearly

with density in the range considered here from dominantly 5-fold to 6-fold coordination. With

decreasing temperature at constant volume, the coordination appears to increase slightly but the

low-T results are much more scattered, which indicates that in this case longer simulation times

are needed to provide reliable averages.

Raman spectra

Figure 9 shows Raman spectra of the 2.2 molal MgSO4 solution obtained at several temperatures

along the isochoric heating path. Below 150◦C, the Raman band shape in theν1-SO2−
4 region

was accurately described by two Gaussian+Lorentzian components centered at∼995 cm−1 and

∼980 cm−1. However, significant nonstatistical residuals were present in the high frequency region

of theν1-SO2−
4 Raman mode at temperatures above 150◦C. Excellent fits for the high temperature

spectra were obtained by adding a third Gaussian+Lorentzian component centered at∼1005 cm−1.
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The integrated intensity percentage of these three components of theν1-SO2−
4 band is shown in

Figure 10 along the isochoric heating path, assuming equal Raman scattering cross sections of the

individual components. The proportion of the component at∼980 cm−1 generally decreases with

temperature, which is coupled with an increase in the fraction of the component at∼995 cm−1.

At about 350◦C, there appears to be a minimum in the fraction of the∼980 cm−1 component.

The∼995 cm−1 component shows a maximum at about 300◦C (Figure 10). These temperatures

roughly coincide with the observed solubility minimum of kieserite along the cooling path. The

component at∼1005 cm−1 is observed in all spectra at≥150 ◦C. Its fraction increases steadily

with temperature (Figure 10).

Along the heating path, the solution was supersaturated with respect to kieserite at elevated

temperatures (probably at allT > 100 ◦C3). At 500 ◦C, the system moved towards equilibrium.

Rapid growth of a kieserite crystal caused a simultaneous decrease in the MgSO4 concentration

in the fluid and thus in the intensity of theν1-SO2−
4 Raman band (Figure 11). At the same time,

the quartz surface attained a corroded appearance and a new Raman band at 1053 cm−1 appeared

in the spectra of the fluid. This peak position differs significantly (by +2 cm−1) from that of

the kieserite crystal at the sameP−T conditions (Figure 11a). This band cannot be explained

by submicroscopic kieserite because Raman bands of nanocrystals are usually shifted to lower

wavenumbers41,42. Therefore, this band is assigned toνsSO3(HSO−
4 )43. The Raman band at

∼1050 cm−1 was only observed at the highest temperatures. Upon cooling, it disappeared from

the spectra atT > 300◦C (Figure 11b).

From optical observations, the kieserite crystal still grew after cooling to 400◦C and dissolved

at T≤300 ◦C. Further cooling to 22◦C did not result in complete dissolution. The existence

of a kieserite solubility minimum between 300 and 400◦C is also indicated by the minimum

in the integratedν1-SO2−
4 intensities in the Raman spectra of the fluid along the cooling path

(Figure 11b). The concentration of MgSO4 in the fluid at these conditions was estimated from the

integrated intensities of theν1-SO2−
4 and theνsSO3(HSO−

4 ) Raman bands (Figure 11b) and their

relative isotropic Raman scattering coefficients taken from Rudolph43. At the solubility minimum
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the MgSO4 molality in the fluid is reduced to about 0.4.

The large changes in the MgSO4 concentration of the fluid along the cooling path imply con-

siderable changes in the fluid density. Mass balance considerations lead to an estimate of about

1.24 g/cm3 at 500◦C, 0.89 GPa after reaction to kieserite based on the determined MgSO4 concen-

tration in the fluid (0.85 molal) and a density of kieserite of2.57 g/cm3. Although molalities and

densities differ from those of the heating path, the peak area fractions of theν1-SO2−
4 Raman band

components show a very similar behavior (Figure 12). Likewise, a maximum of the 995 cm−1

component is observed at about 300◦C. The fraction of the 980 cm−1 component decreases and

that of the 1005 cm−1 component increases with temperature. At the highest temperature (500◦C),

the fraction of the HSO−4 component is about 15%.

Discussion

Ab initio molecular dynamics simulations and Raman experiments are complementary approaches

to study complexation and speciation in aqueous fluids. While the simulations provide direct ac-

cess to individual species and can be performed at extremeP−T conditions relatively easily, the

constraints on accessible length and time scales make it difficult to obtain converged distributions

of species. Moreover, the slowing down of particle dynamicswith decreasing temperature may

not even allow to reach equilibrium conditions at lower temperatures. In the present study, sig-

nificant changes in speciation during the molecular dynamics runs were only observed at 727◦C

and 527◦C. Thus, the results at lowerT only provide trends under the assumption that the spe-

ciation does not change considerably withT. However, the lowT runs were useful to evaluate

the vibrational frequencies of individual species (Figure6 and Figure 7) because the speciation

changed much more frequently at highT. The Raman spectroscopic measurements, on the other

hand, provide quantitative information on the distribution of different components to the studied

vibrational mode from ambient to highP/T conditions. However, these components cannot be

assigned unambiguously to the corresponding species without input from numerical modeling.
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The most similar conditions of the simulations and the Ramanexperiments presented here

were obtained at the highest temperature of the heating pathbefore the precipitation of kieserite

(2.2 molal solution,T = 450◦C, ρ = 1.33 g/cm3) and the respective simulations of the 1.9 molal

solution atT = 527◦C andρ = 1.35 g/cm3. At these conditions, the Raman spectra show roughly

equal fractions of the threeν1-SO2−
4 Raman band components at∼980 cm−1, ∼995 cm−1, and

∼1005 cm−1. Theν1-SO2−
4 component at∼995 cm−1 is usually assigned to CIPs, and the compo-

nent at∼980 cm−1 includes Raman-indistinguishable contributions from unassociated SO2−4 (aq)

ions, SIPs and 2SIPs17. As suggested by dielectric relaxation spectroscopy in MgSO4 solutions to

65 ◦C12, the fraction of 2SIPs and SIPs is strongly reduced with temperature. At the highest tem-

peratures of our study, such species are most probably insignificant. The assignment of the third

ν1-SO2−
4 component at∼1005 cm−1 is unsettled. This additional feature in theν1-SO2−

4 mode has

also been observed at 23◦C in the Raman spectrum of a solution with a high Mg2+/SO2−
4 ratio

(4.098 molal MgCl2+0.107 molal MgSO4)17. It was interpreted as being due to the contact triple

ion Mg2SO2+
4 , based on results from dielectric relaxation spectroscopy11 on concentrated MgSO4

solutions, or to be related to bidentate CIP or larger complexes of Mg2+ and SO2−
4

15,16.

Theab initio simulation results confirm most of the species previously suggested. In the high

density range (ρ > 1.2 g/cm3), fully hydrated SO2−4 (aq), CIPs, triple ions and even larger com-

plexes coexist on the picosecond time scale. In addition, monodentate and bidentate sulfate ligands

are observed. This indicates that all of these species make aconsiderable contribution to the time

averaged Raman spectrum. It also means that the number of sulfate species fromab initio calcula-

tions is much larger than that of Raman-distinguishableν1-SO2−
4 components. Unfortunately, the

frequency resolution of the simulations is too low to assignindividual species to spectral compo-

nents. There is only the general trend that more associated species seem to have higherν1-SO2−
4

frequencies. This seems to be related to the slight deformation of the SO4 tetrahedra, as shown in

the Results section.

After nucleation and growth of kieserite, the fluid density decreased to about 1.2 g/cm3, and

the MgSO4 concentration in the fluid to about 0.85 molal at 500◦C and 0.43 molal at 400◦C. At
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these conditions, the Raman spectra of the fluid always showed an additional band at∼1050 cm−1,

which is assigned to HSO−4 , i.e. νsSO3 of this ion43. Formation of hydrogen sulfate ions shows

that in addition to

Mg2+ +SO2−
4 = MgSO0

4 (1)

the reactions

Mg2+ +SO2−
4 +H2O = MgOH+ +HSO−

4 (2)

and

SO2−
4 +H2O = HSO−

4 +OH− (3)

take place and create buffer conditions. Even though the solution was significantly diluted due to

formation of kieserite, comparison of the results from Raman spectroscopy andab initio modeling

is justified, because the changes in the sulfate speciation at constantP andT with MgSO4 concen-

tration are much larger in dilute solutions (< 0.25 molal) than at higher concentrations17. Indeed,

HSO−
4 (aq) and MgOH+(aq) are found in the simulations at fluid densities lower than 1.2 g/cm3.

The considerable shift in the vibrational frequencies of sulfur atoms in HSO−4 towards higher val-

ues is also confirmed (Figure 7).

Raman spectroscopy in theν1(S-O) region is much more sensitive to the molecular environ-

ment of the sulfate molecule than the simulations. Since thenumber of components fitted to the

spectra (three) is smaller than the likely number of frequent sulfate species, some of the highly

associated species observed in the highP−T fluid must have very similar vibrational properties.

Similar behavior is observed at lowP andT, where the component at∼980 cm−1 includes Raman-

indistinguishable contributions from unassociated SO2−
4 (aq) ions and the solvent-shared ion pairs

SIPs and 2SIP17. This is because the first coordination shell of the sulfate in all these species is

very similar, consisting only of water molecules. As an additional complication, the Raman spectra

become very broad towards high temperatures, which may be due to thermal vibrations but also

due to time averaging of dynamic changes in the speciation. Formation of hydrogen sulfate via

bonding of a proton to one of the sulfate oxygens has a much stronger effect on the S-O vibrations
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(bondlength, polarizability) than Mg-SO4 association. This results in a considerably larger shift of

the vibrational band towards higher wavenumbers.

Conclusions

Ab initio molecular dynamics simulations have provided new insight into the speciation in aque-

ous MgSO4 fluids at high pressures and temperatures. From the results of this study, the Raman

spectra of these fluids should be interpreted as follows. Theν1-SO2−
4 Raman frequency of contact

MgSO4(aq) monomers or polymers in aqueous MgSO4 solutions seems to depend on the num-

ber of Mg ligands of the sulfate and whether the Mg ligands aremonodentate or bidentate. Both

changes in the molecular environment of sulfate (two Mg ligands instead of one and bidentate

instead of monodentate MgSO4) appear to cause a shift ofν1(S-O) towards higher wavenumbers

and are not clearly distinguishable in the Raman spectra. Thus, the emergence of the component

at ∼1005 cm−1 and the increase of its percentage with temperature only reflects increased ion

association by both formation of more bidentate ligands andmore polymers. In other words, the

components at∼995 cm−1 and∼1005 cm−1 cannot be assigned to individual species (just as this

is known to be the case for the∼980 cm−1 ν1-SO2−
4 component). Instead, they may be interpreted

as a single ’Mg-SO4 contact’ component, with a frequency distribution depending on the type and

number of Mg ligands of associated sulfate.
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Figure 1:P−T path of the experiments. The fluid density corresponding to the isochores of the
heating cycles is 1.33 g/cm3, whereas the fluid density after precipitation of kieseriteis lowered to
about 1.2 g/cm3. Symbols indicate measured pressures from Raman spectra ofquartz.
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Figure 2: Nearest neighbor oxygen-oxygen distance as a function of temperature and fluid density.
At all temperatures, the slope changes at densities in the range of 1.3±0.1 g/cm3.
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Figure 3: Time averaged number of dissociated water molecules (out of a total of 128) as function
of fluid density. The released protons usually attach to the SO2−

4 molecules to form HSO−4 bearing
complexes.

(a) (e)(c)
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Figure 4: Snapshots from the simulations illustrating different species. Oxygens are represented
as large red, Mg as green, S as yellow and H as white balls. Larger associated complexes such
as triclusters, some of them containing additional protonsor hydroxide ions, are dominant at low
densities (ρ = 0.75 g/cm3): (HSO4)Mg(HSO4)(aq) (a) and (SO4)(MgOH)2(aq) (b). Sometimes,
association leads to the formation of short chains, e.g. of MgSO4MgSO4(aq) (c). Dissociated
MgOH+(aq) and HSO−4 (aq) (d) are observed up to intermediate densities. At high densities, hy-
drolysis is suppressed, which leads to fully hydrated Mg2+(aq) and SO2−4 (aq) ions. Associated
complexes at high density include monodentate (e) or bidentate (f) MgSO4(aq) species but also
larger clusters, such as triple ions or chains. Also noticeable is the increase of Mg coordination
towards higher densities.
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a monodentate sulfate ligand whereas the peak around 2.8 Å represents the bidentate ligand.
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Figure 6: Example of vibrational spectra of the individual sulfur atoms atT = 227 ◦C andρ =
1.10 g/cm3 derived from the respective velocity autocorrelation functions. The two black lines
correspond to sulfate groups bonded predominantly as monodentate ligands to a single Mg cation.
The sulfate group represented by the solid black line also acted as bidentate ligand (40 % of the
total simulation time). The yellow spectrum corresponds toa Mg2(SO4)(MgOH)3+(aq) complex
that was only observed at this density. The spectral weight of the HSO−4 (aq) complex (red line) is
clearly shifted to higher frequencies.
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Figure 7: Vibrational frequencies of different sulfur atoms representing different sulfate species at
227 ◦C (filled symbols) and 527◦C (open symbols) as a function of density. The frequencies are
obtained from the positions of the maxima of the respective vibrational spectra as shown, e.g., in
Figure 6.
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Figure 8: Average Mg coordination by oxygens as a function oftemperature and fluid density.
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Figure 10: Relative integrated intensities of components of the ν1-SO2−
4 Raman band in 2.2 molal

MgSO4 solution along the 1.33 g/cm3 isochore.
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Figure 11: (a) Raman spectra in theν1-SO2−
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4 ) region at 500◦C during kieserite
crystal growth. Sequence of spectra (elapsed time after 500◦C were attained att = t0): blue,
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of the coexisting kieserite. Narrow lines at 1044 and 1057 cm−1 are plasma lines from the Ar+
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presence of kieserite along the cooling path. Green square,solution at 0.38 GPa before heating.
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