
 

 

Raman Spectroscopic Properties of Aqueous Chloride Salt 

Solutions: Chlorides of Alkalis, Alkaline Earths and First-Row 

Transition Metals 

By 

Spencer Poulette 

 

A thesis submitted in partial fulfillment of the requirements of the degree of 

 

Master of Science 

 

Department of Earth and Atmospheric Sciences 

 

University of Alberta 

 

 

 

 

 

 

 

 

 

 

 

 

© Spencer Poulette 2022 



ii 

 

Abstract 

Saline aqueous fluids play numerous key roles in many geologic processes, but how fluids 

flow and interact with rocks depends on their physical and chemical properties, which in turn 

depend on the types, concentrations, and speciation of solutes. Raman spectroscopy is a powerful 

tool to identify and characterize solutes in geologic fluids, for example by analysis of fluid 

inclusions in minerals, but our knowledge and understanding of the Raman spectroscopic 

properties of aqueous solutes is still limited. Here, we present a survey of the Raman spectroscopic 

properties of aqueous salt solutions at ambient temperature and pressure and over wide ranges of 

fluid composition, with a focus on chloride salts. Specifically, we analyzed solutions ranging from 

pure H2O up to salt saturation for 19 different chloride salts, mostly from group 1 (alkalis), group 

2 (alkaline Earths), and the first-row transition metals. For each salt, we evaluated how increasing 

the concentration affects the Raman spectroscopic properties of the solvent H2O; and for many of 

the salts we also identify the characteristic Raman peaks that are distinct from those of H2O and 

thus reveal the formation of metal-ligand complexes in solution. Broadly, we find that the studied 

salts can be divided into two main categories: those that distort the OH-stretching region of the 

H2O spectrum but do not show evidence of ion pair formation; and those that show the emergence 

of new Raman peaks with increasing concentration indicative of ion pair formation. We find that 

the decisive factor that differentiates these two categories seems to be the ionic radius of the cation, 

with ion pair formation enabled when the ionic radius of the cation is less than about 100 pm. 

Moreover, we find that especially amongst the salts that do not show evidence for ion pair 

formation, the distortion of the OH-stretching band generally conforms to a remarkably simple 

relationship between Raman peak intensities and molal concentration of chloride. Our results thus 

allow for fast identification and quantification of some aqueous electrolyte solutes and species; 
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provide insight into their speciation; and allow for calibration of a Raman spectroscopic proxy 

measurement for fluid salinity, and potentially pH. 
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1. INTRODUCTION 

Aqueous fluids affect virtually all geologic processes from Earth’s surface to Earth’s deep interior, 

as well as in extraterrestrial settings. However, the physical and chemical properties of geologic 

fluids vary widely, which in some cases renders quantitative interpretation of these processes 

challenging. This wide variation in properties is in part because geologic fluids exhibit wide ranges 

of chemical composition involving numerous electrolyte and non-electrolyte solutes (Steele-

MacInnis and Manning, 2020; Steele-MacInnis et al., 2021). Because different solutes interact 

differently with solvent H2O (and each other), the identities of the solutes and their speciation at 

the molecular scale are critical to understanding the macroscopic properties of the fluid (Steele-

MacInnis and Manning, 2020). For example, addition of electrolyte solutes has strong effects on 

the solubilities of minerals owing largely to the interactions between electrolytes and solvent, as 

well as via formation of complexes (Brooks and Steele-MacInnis, 2019); and electrolyte solutes 

also strongly affect phase equilibria and criticality of hydrothermal aqueous fluids (Klyukin et al., 

2016). As such, analytical methods that probe molecular-scale properties and interactions in 

aqueous fluids are crucial to improving our understanding of geologic processes. 

Raman spectroscopy is a relatively fast and accessible analytical technique that can 

provide a wealth of information on the identities, speciation and molecular environment of 

solutes in aqueous fluids. Over the past several decades, a significant amount of analytical work 

has been done in characterizing geologic fluids by Raman spectroscopy of fluid inclusions in 

minerals (e.g., Burke, 2001; Frezzotti et al., 2012; Bodnar and Frezzotti, 2020), as well as in 

various high-pressure optical cells to probe geologic fluids in situ during hydrothermal 

experiments (e.g., Lin et al. 2007; Chou, 2012; Schmidt and Chou, 2012; Reimer et al., 2015; 
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DeVitre et al., 2021). Many of these previous studies have focused on characterizing the Raman 

spectroscopic properties of saline aqueous fluids, with applications for example to estimating the 

salinity of aqueous fluid inclusions (Mernagh and Wilde, 1989; Baumgartner and Bakker 2009; 

Sun et al. 2010); identifying solutes, their aqueous speciation and solvation environment (e.g., 

Walter et al., 2018; Szmihelsky et al. 2021; Foustoukos, 2016; Scholten et al., 2019; Schmidt et 

al., 2018); and estimating fluid pH (Dubessy et al., 1992). However, at present one of the 

principal obstacles to such applications is a general lack of information on the characteristic 

Raman spectroscopic properties of numerous geologically relevant solutes and how they vary 

with concentration. For example, hydrothermal aqueous brines in a number of settings show 

concentrations of first-row transition metals ranging up to multiple weight-percent levels 

(Yardley, 2005; Bodnar et al., 2014), and these metal concentrations show clear positive 

correlation with chloride content (Yardley, 2005), but information regarding the Raman 

spectroscopic properties of many aqueous metal-chloride solutions remain scarce. 

As a starting point for considering the effects of salinity on the Raman spectrum of 

aqueous fluids, it is appropriate to first outline the general Raman spectroscopic features of H2O 

(Fig. 1). An intense Raman feature at low wavenumber (<100 cm–1), denoted “translational 

region” in Fig. 1, has been interpreted to represent the effects of rotational shearing of individual 

H2O molecules (Walrafen and Chu, 1995). A weak and relatively broad feature at ~1640 cm –1 

corresponds to the H–O–H bending mode of H2O molecules (Walrafen and Chu, 1995; Sun, 

2009). Both of the latter regions are of limited application to interpreting the properties of salt  

solutions, and the main focus of most studies is on the O-H stretching region from ~3000 to 4000 

cm–1. The latter region is characterized by a broad and asymmetric band that is obviously 

composed of multiple overlapping peaks, but the exact number of peaks and their relationships to 
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vibrational modes is unclear and deeply controversial in the literature (Garcia-Baonza et al., 

2012). Several papers have attempted to resolve the controversy of vibrational mode assignments 

by combining Raman and X-ray spectroscopic techniques (Walrafen and Chu, 1995; Khoshtariya 

et al, 2004; Steinbach et al, 2004; Sun, 2009). In addition, theoretical modelling and simulations 

have been performed by several authors on the structure of water and predicted Raman modes 

(e.g., Devendorf et al, 1996; Li et al, 2017; Senanayake et al, 2021), but because of 

computational limitations, only small clusters of water molecules have been successfully 

modelled, which limits the accuracy of these models in comparison to real fluids. Generally 

speaking, most studies agree that the most intense peak (centered at ~3380 cm-1) can be 

interpreted to represent “poorly connected” (weakly hydrogen bonded, with few neighbors) H2O; 

whereas the large shoulder at ~3250 cm–1 represents “network” (hydrogen bonded) H2O; and the 

small shoulder at ~3640 cm–1 represents free H2O monomers (Brubach et al., 2005). That said, 

various interpretations of these peaks exist and these have also led to various approaches of how 

to quantitatively interpret the Raman spectrum with fitted peaks. Most studies that have focused 

salinity estimation in aqueous fluids use two or three peaks for their fits (Baumgartner and 

Bakker, 2009; Sun et al, 2010), whereas studies focusing on the molecular structure of water 

have generally used four or five peaks (Carey and Korenowski, 1998; Furic et al, 2000; 

Chumaevskii, 2001; Sun, 2009; Li et al, 2017). 

Briefly, the addition of solutes to an aqueous fluid is expected to have two main types of 

effects on the Raman spectrum of the resulting solution. Firstly, various solute species may have 

their own characteristic vibrational modes that appear as specific Raman peaks (Frezzotti et al., 

2012). For example, the aqueous sulfate ion (SO4
2–) has a characteristic Raman peak at ~980 cm–

1) that has been used in several studies to identify sulfate-rich fluids in fluid inclusions (Frezzotti 
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et al., 2012; Walter et al., 2018; Szmihelsky et al., 2021). In the case of dissolved chloride salts,  

fully ionized solute species would generally not be expected to show Raman peaks (with the 

exception of the ammonium ion, which has its own internal vibrational modes), but bonded 

species such as ion pairs may have such peaks. Secondly, electrolyte solutes are known to 

strongly affect the structure of the solvent H2O, for example disrupting hydrogen bonding and 

forming solvation shells around ions. As such, dissolved chloride salts are expected to have 

strong effects on the Raman peaks characteristic of H2O. The latter effects have been confirmed 

and analyzed quantitatively in several studies, which all show a general tendency of decreasing 

the Raman intensity related to hydrogen bonded water, and increasing Raman intensity related to 

depolymerized H2O molecules, with increasing salinity (Schultz and Hornig, 1961; Walrafen, 

1962; Mernagh and Wilde 1989; Baumgartner and Bakker, 2009; Sun et al., 2010; Frezzotti et 

al., 2012). 

Here, we present the results of a detailed survey of the Raman spectroscopic properties  of 

aqueous chloride salt solutions at ambient pressure and temperature, and at concentrations 

ranging from dilute to saturated, for 19 chloride salts. The analyzed salts belong mostly to the 

alkalis (H through Cs), alkaline Earths (Mg through Ba), and first-row transition metals (Mn 

through Zn), along with ammonium and tin(II) chlorides. In the case of Fe, we also analyzed 

solutions of both common oxidation states, FeCl2 and FeCl3. Our data provide a comprehensive 

picture of how these diverse solutes affect the Raman spectroscopic properties of aqueous 

solutions, potentially allowing for straightforward estimation of fluid salinity (and in some cases, 

potentially also concentrations of specific metals, as well as pH) based on Raman analysis, and 

also allow us to uniquely identify various cation-chloride solutes and species according to their 

characteristic Raman peaks. Furthermore, our results provide some hints into the underlying root 
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causes, at the molecular scale, for why certain cations tend to form explicit chloride complexes 

whereas others do not. These results will serve as a foundation for quantitative interpretation of 

Raman spectra of saline aqueous fluids.  

 

2. MATERIALS AND METHODS 

We prepared solutions of known concentration by gravimetric analysis of 19 different chloride 

salts as outlined in Table 1. Solutions were prepared using MilliQ deionized water, a variety of 

crystalline reagents (or an aqueous stock solution in the case of HCl; all summarized in Table 1), 

and a Mettler Toledo ME104 high precision analytical balance. In most cases, we first prepared a 

stock solution of high concentration, which was subsequently diluted in aliquots to generate a 

range of concentrations. However, for some of the reactive solutes such as FeCl2, we prepared 

fresh solutions for each increment of concentration, following the same procedures as outlined 

by Steele-MacInnis et al. (2015) and Lecumberri-Sanchez et al. (2015) to avoid oxidation of the 

solute. 

After preparation of the solutions, aliquots were split for measurements of fluid density 

and Raman spectroscopy. Density measurements were collected for each solution using a Mettler 

Toledo Densito 30px handheld densitometer. We then performed multiple linear regression 

analysis to generate simple empirical equations that can be used to estimate solution density as a 

function of salinity for each solute (see Table 2). Note that the equations relating fluid density to 

salinity are necessary to express salinities in units of molarity (moles of solute per litre of 

solution), such as was done by Sun et al. (2010). 
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Raman spectra of the crystalline salts, pure H2O, and the aqueous salt solutions were 

collected using a Horiba Scientific LabRam Evolution HR Raman spectrometer. Spectra were 

acquired using a 532 nm laser with a nominal power at the source of 100 mW. Crystalline salts 

were analyzed on a glass plate, whereas aqueous solutions were held in silica glass cuvettes 

mounted in a cuvette holder in the laser path (Fig. 2). The confocal aperture hole was opened to 

400 µm. The Raman spectrum of the silica glass cuvette was also acquired by analyzing an 

empty cuvette using the same instrument settings. We used an 1800 grooves/mm grating for high 

spectral resolution and collected spectra across the full range of 50 to 4000 cm -1. All spectra 

were collected for 30 seconds per acquisition (at each spectrometer position across the spectral 

range) for 3 accumulations each. 

As discussed in more detail below, we experimented with peak fitting of the Raman data 

using the Fityk 1.1.2 and LabSpec6 software packages. Where necessary, we subtracted a linear 

baseline, and we attempted to fit the OH-stretching region using either a 2, 3 or 5-peak model as 

discussed above. However, ultimately, we found that the most self-consistent results were 

obtained by forgoing peak fitting, owing to the complex nature of the OH-stretching region that 

is composed of multiple, broad and overlapping Raman peaks. Therefore, the quantitative 

analysis of the effect of chloride concentration on the OH-stretching region discussed below 

(Section 4.3) does not involve peak fitting and was instead developed using only the relative 

intensities at specific Raman shifts. 
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3. RESULTS 

3.1 Density 

All aqueous chloride salt solutions studied here show an expected trend of increasing fluid 

density with increasing salinity (Fig. 3), but the relationship between fluid density and salinity 

differs between individual salts. For the alkalis, the variation in density with solute type can be 

easily rationalized in terms of increasing molecular mass of the solutes, with density at any given 

salinity increasing in the same order as atomic number of the cation, thus H < Li < Na < K < Rb 

< Cs (Fig. 3A). In contrast, no such straightforward relationship is evident for the alkaline earths 

and first-row transition metals (Fig. 3B and C), likely reflecting the competing influences of 

molecular masses, ionic radii of the cations (which affect field strength and hence degree of 

electrostriction, or volumetric collapse, of the solvent), and complexing reactions in solution that 

may yield a variety of both charged and neutral species. 

 

3.2 Raman Spectra 

3.2.1 Alkalis 

None of the crystalline alkali chloride salts analyzed here showed any obvious Raman peaks 

(lowermost spectra on each panel of Fig 4), and in general most of the alkali chlorides 

(specifically, NaCl, KCl, RbCl and CsCl) showed no unique Raman peaks in solution and 

showed similar effects on the O-H stretching region. Regarding NaCl and KCl, this was expected 

as these had been previously characterized by Sun et al. (2010), and our results mostly 

corroborate and add detail to the latter results. In the case of RbCl, the similar ionic radius of Rb+ 

to K+ suggests that similar Raman response would be expected, and indeed we find that this is 
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the case. Addition of all four of the latter alkali chlorides generally causes a decrease in the 

intensity of the Raman region corresponding to hydrogen-bonded water, and an increase in the 

intensity related to weakly hydrogen bonded and free H2O (Fig. 4). Two of the alkali chlorides—

namely, HCl and LiCl—show somewhat different results compared to the others and are 

discussed separately below. 

In the case of LiCl, we observe the appearance of an additional, new Raman peak at 370 

cm-1, which becomes evident above ~5 wt% LiCl and shows increasing intensity with increasing 

concentration of LiCl (Fig. 4). The peak is broad and relatively weak even when concentration is 

high, and also overlaps partly with a Raman peak that corresponds to the silica-glass cuvette, but 

nevertheless the increasing intensity of this peak with increasing LiCl content makes the 

assignment of this peak to an aqueous species unique to LiCl solutions reasonably confident. The 

HCl solutions, in contrast, show no obvious new peaks at low wavenumber but instead show the 

emergence of a strong, broad peak centered at ~2800 cm–1 and strongly overlapping with the 

low-wavenumber part of the O-H stretching band (Fig. 4). The intensity of this peak increases 

strongly with increasing HCl concentration, and the interpretation and application of this peak 

are discussed further below (Section 4.3.2). 

 

3.2.2 Alkaline Earths 

All four of the alkaline earth chlorides studied here were added to solution in the form of salt 

hydrates, and consequently the Raman spectra of the crystalline compounds mostly show 

characteristic Raman spectra in the O-H stretching region, reflecting vibrational modes of H2O in 

each crystal structure (Fig. 5). In their aqueous solutions, the alkaline earth chlorides generally 
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follow similar trends compared to the alkalis, showing a relative increase in the intensity of the 

weakly hydrogen bonded H2O and a concomitant drop in the intensity of the hydrogen-bonded 

water, as concentration of each salt is increased (Fig. 5). Chlorides of Ca, Sr and Ba do not show 

the emergence of any additional peaks, and the only exception to this observation amongst the 

alkalis is MgCl2, which shows a broad, weak peak emerge at ~356 cm-1 at concentrations greater 

than ~8 wt%. 

 

3.2.3 First Row Transition Metals 

The Raman spectrum of MnCl2·4H2O does not show any distinct peaks of H2O, owing to 

luminescence at high wavenumber (Fig. 6A). Raman spectra of FeCl2·4H2O and NiCl2·6H2O 

display characteristic vibrational modes of H2O within the crystal structure of the crystalline 

compounds (Fig. 6B, E). In addition, these compounds show Raman peaks at low wavenumber, 

which are not coincident with the peaks observed in the corresponding aqueous solutions 

discussed below. Both CoCl2·6H2O and ZnCl2 show Raman peaks at low wavenumber, which 

again are not coincident with the Raman peaks observed in the aqueous solutions of these salts 

(Fig. 6D, G). Anhydrous ferric chloride (FeCl3) also shows Raman peaks at low wavenumber, 

one of which is coincident with the main peak seen in the aqueous solutions of FeCl3 at 318 cm-1 

(Fig. 6C). Copper(II) chloride (CuCl2) shows no obvious Raman peaks at low wavenumber, and 

although we analyzed nominally anhydrous CuCl2 we observe a Raman signal in the OH-

stretching region (Fig. 6F) which likely reflects adsorption of H2O due to exposure to air during 

the analysis. 
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Aqueous solutions of MnCl2 and FeCl2 show similar trends compared to the alkali and 

alkaline-earth salts described above, with regard to the modification of the OH-stretching region 

with increasing salinity. In contrast, the other first row transition metal chloride salts (of Co, Ni, 

Cu and Zn) do not show the same trends in modification of the OH-stretching region with 

increasing salinity as seen in the alkalis and alkaline Earth metal chlorides, and instead show 

only subdued depression of the Raman intensity interpreted to reflect hydrogen-bonded H2O, 

coupled with overall weakening of the Raman intensity of the OH-stretching region. 

Consequently, and as discussed in more detail below (section 4.3.1), these latter salts do not 

conform to the same calibration equation to estimate salinity based on Raman spectra over the 

whole range of concentrations studied here. Chloride salt solutions from this group also show 

additional peaks appearing between 200 and 400 cm-1 in their Raman spectra which are 

discussed below (Fig. 6). 

Raman spectra of MnCl2 solutions show an additional peak at ~355 cm-1
 that becomes 

evident at >10 wt%. This peak is broad and weak compared to the rest of the spectrum, similar to 

those of MgCl2 and LiCl (Fig. 6A). Spectra of FeCl2 solutions also show an additional broad, 

weak peak at ~368 cm-1 which becomes distinguishable from the background at >15 wt% (Fig. 

6B). The FeCl3 solutions show an additional peak at ~318 cm-1, which is evident even at 

concentrations <5 wt% (Fig. 6C). The peak morphology of this latter peak is sharp and narrow, 

and is clearly distinct from the ~368 cm-1 peak observed in the FeCl2 solutions. 

Solutions of CoCl2 show an additional broad band centred at ~255 cm-1 that seems to be 

composed of multiple, overlapping peaks (Fig. 6D). This feature becomes visible at >10 wt%. 

The NiCl2 solutions show an additional sharp peak at ~390 cm-1 at concentrations >10 wt% (Fig. 

6E). Solutions of CuCl2 show a peak centred at ~287 cm-1 that becomes evident at >5 wt% (Fig. 
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6F). Solutions of ZnCl2 show an additional peak at ~294 cm-1 at concentrations >10 wt%. At 

higher concentrations (>70 wt%), another new peak emerges at ~242 cm -1 (Fig. 6G). Both of 

these latter peaks are sharp and narrow. An additional peak also occurs in solutions of high 

ZnCl2 concentration (>70 wt%) at 3500 cm-1. However, the concentrated solutions of ZnCl2 of 

>20 wt% also show strong luminescence at high wavenumber, which for example renders the 

weak OH-bending mode unresolvable. 

 

3.2.4 Tin(II) and ammonium 

The studied SnCl2 solutions show the emergence of two additional Raman peaks at 220 and 270 

cm-1 as concentration increases. The 270 cm-1 peak becomes evident above ~3 wt% SnCl2, whilst 

the 220 cm-1 peak only becomes evident at concentrations >20 wt% SnCl2. These solutions also 

showed a broad peak at 2800 cm-1, the same as observed in the HCl solutions, and this reflects 

the fact that the SnCl2 solutions used here contained a known, finite concentration of HCl that 

was added to help solubilize the SnCl2.  

The studied NH4Cl solutions showed several additional peaks centred at ~1435, ~1700, 

~2885, and ~3070 cm-1, all of which correspond to the known, internal vibrational modes of the 

ammonium ion (Krishnan, 1947). As expected for such internal modes, these peaks are evident 

in all solutions of >1 wt% NH4Cl, and the relative intensities of the four peaks remain 

approximately the same independently of concentration whereas the absolute intensities of all 

four peaks increase compared to the O-H stretching band of the solvent as the ammonium 

concentration increases. The shape of the O-H stretching band meanwhile follows approximately 
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the same trend with increasing salinity as compared to the alkalis, as expected considering the 

geochemical similarity of ammonium to potassium.  

 

4. DISCUSSION 

4.1 Density 

The density data can be transformed into calculated molar volume of each solution, 

which when plotted as a function of concentration in molar fraction allows for evaluation of 

partial- and apparent-molar volumes, as well as qualitative assessment of the degree of 

(non)ideality of mixing between solute and H2O (Figures 7-9). Most of the chloride solutions 

show molar volumes trended below the ideal mixing line in these plots, especially at low 

concentrations (Figures 7-9), which generally reflects ionization of the solutes and hence 

electrostriction of the solvent H2O. Such “better than ideal” mixing behaviour is exhibited for 

example by solutes that are known to mostly ionize even at high concentration, such as NaCl and 

CaCl2; but is also seen for salts that likely form charged complexes such as FeCl3. In contrast, 

several of the salts (HCl, RbCl, SrCl2, CsCl, and BaCl2) show trends towards nearly ideal mixing 

as salinity increases. In the case of HCl, this mixing trend probably reflects formation of neutral 

ion pairs that do not strongly attract H2O; whereas in the case of large cations like Sr, Ba and Cs 

it likely reflects only weak electrostriction owing to the relatively low field strength of the cation. 

Only a few salts—most prominently FeCl2—show solution molar volumes clearly exceeding that 

of an ideal mixture, which may reflect for example, formation of explicitly hydrated complexes 

in which the particle density of H2O units is lower than that of the surrounding solvent.  
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4.2 Aqueous Complexes 

4.2.1 Interpretation of Raman Spectra 

Our results show no evidence of specific Raman peaks for most of the alkali or alkaline-earth 

chlorides—the key exceptions being HCl, LiCl and MgCl2—whereas in contrast our results show 

clear evidence of characteristic Raman peaks for all of the studied transition metal chlorides as 

well as SnCl2 (Table 1). In the case of ammonium chloride, the known internal modes of the 

tetrahedral NH4
+ ion are evident but are not indicative of complex formation, and indeed the 

general trends of how ammonium chloride influences the Raman spectrum of the aqueous 

solution are essentially the same as for that of potassium chloride, as expected owing to the same 

charge and similar ionic radii of ammonium and potassium. That being said, the characteristic 

Raman peaks listed in Table 1 can be used as a guide during spectroscopic analysis, for example 

of fluid inclusions in minerals, to identify key solutes. Here, we briefly discuss the specific, 

characteristic peaks of each of the solutes that show evidence of complex formation and attempt 

where possible to relate them to aqueous species. 

 Hydrogen chloride is unique amongst the solutes considered here in that it shows the 

emergence of a Raman peak at high wavenumber (~2800 cm–1), overlapping partly with the O-H 

stretching region of the solvent (Fig. 1C). In light of this overlap with the O-H stretching region, 

it might be reasonable to interpret this peak as representing hydronium-type complexes (e.g., 

H3O+ or some more polymerized variant) in these highly acidic solutions, and indeed this Raman 

peak was interpreted as such by Busing and Horig (1961) and Walrafen (1962). However, this 

peak also appears in the Raman spectrum pure gaseous HCl (Salant and Sandow, 1931) as well 

as in HCl-Ar gas mixtures (Devendorf et al, 1996), wherein hydronium-type complexes 

obviously cannot be formed. Hence, it appears that this peak corresponds to the stretching 
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vibration of H-Cl complexes—an interpretation consistent also with results of molecular 

simulations of HCl in the gas phase (Grayson, 2003). This peak, which has also been observed in 

acidic, metal-rich hydrothermal fluids (Schmidt, 2018), shows increasing intensity with 

increasing concentration of HCl, and below we discuss its potential use as a spectroscopic proxy 

for estimating HCl content and, hence, pH.  

 The only other alkali chloride to show the emergence of a new Raman peak with 

increasing concentration is LiCl, which has a characteristic peak at ~370 cm–1 (Table 1; Fig. 10). 

This peak has been previously observed in concentrated LiCl (and LiBr) solutions and have been 

interpreted to represent the Li–Cl stretching vibration of hydrated LiCl contact ion pairs 

(Rudolph et al., 1995). Hence, our results corroborate the formation of LiCl complexes with 

increasing concentration. 

 Amongst the alkaline earth chlorides, the only solutions to show emergence of any new 

Raman peaks with increasing concentration is MgCl2, with a peak at ~356 cm–1.  This Raman 

peak in aqueous solutions containing magnesium has been previously interpreted to represent 

formation of explicitly hydrated Mg(H2O)6
2+ complexes (Irish, 1967; Ananthanarayanan, 1970; 

Pye and Rudolph, 1998). However, the peak position is similar to a weak Raman peak at 335-

360 cm–1 observed in molten, anhydrous MgCl2 (where formation of hydrated Mg complexes is 

obviously impossible), and has been interpreted to represent the symmetric stretching vibration 

of linear Cl–Mg–Cl complexes (Balasubrahmanyam, 1966; Huang and Brooker, 1976). Note also 

that Brewer et al. (1963) estimated a vibrational frequency of ~302 cm–1 for the same symmetric 

vibration of a linear MgCl2 molecule in the gas phase. Although our result shows a mismatch of 

~50 cm–1 compared to the latter result, we find similar offsets for several other metal dichlorides 

that probably reflect the difference in molecular environment between the condensed aqueous 
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liquid versus the gas phase, which are a known feature of comparisons between condensed 

versus gas-phase molecules (e.g., Spiekermann et al., 2012). Hence, we cannot rule out that the 

356 cm–1 peak may represent hydrated magnesium species or Mg-Cl complexes, and the peak 

may indeed include contributions from both types of species. 

 In contrast to the alkalis and alkaline earths, all of the first-row transition metal chlorides 

(plus SnCl2) show emergence of unique Raman peaks with increasing concentration. Manganese 

chloride solutions show emergence of a peak at ~355 cm–1, which compares reasonably well 

with gas-phase theoretical calculations that estimated a symmetric stretching vibration of linear 

Cl–Mn–Cl molecules at 309 cm–1 (Brewer et al., 1963). A similar Raman peak position at 350 

cm–1 was also observed in crystalline MnCl2·2H2O but was interpreted to represent the Mn–Cl 

“wagging” (bending) vibration of MnCl2 (Srivastava et al., 1978). Regardless of whether this 

mode should be assigned to stretching or bending vibrations, it seems that there is general 

agreement that it represents vibrations between Mn and Cl, and we therefore interpret it to 

represent Mn–Cl complexes in concentrated solutions. 

 In the case of iron chlorides, we observe the emergence of unique Raman peaks in both 

FeCl2 and FeCl3 solutions, which are in both cases in good agreement with recent results at 

hydrothermal conditions by Scholten et al. (2019). Ferrous chloride solutions show a modest 

intensity Raman peak at ~368 cm–1, which is in relatively good agreement with theoretical 

prediction for the symmetric stretching vibration of a linear, gas-phase Cl–Fe–Cl molecule at 

~327 cm–1 (Brewer et al., 1963). Our result is also in good agreement with results by Bach et al. 

(1996), who estimated the symmetric stretch of a linear FeCl2 complex to be at ~362 cm–1. 

Notably, Scholten et al. (2019) observed that with increasing temperature, this Raman peak of 

FeCl2 solutions dissipated and was replaced with a strong peak at ~280 cm–1, interpreted to 
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represent hydrated, charged FeClx
2–x

 complexes with explicit H2O of solvation. In the case of 

FeCl3 solutions, we observe the emergence of a very strong Raman peak at ~318 cm–1, which 

matches well the observations by Scholten et al. (2019) both at ambient temperature and at 

hydrothermal conditions >300 °C. Scholten et al. (2019) interpreted this peak to represent 

explicitly hydrated, charged FeCl2
+ complexes (based in part on previous work by Kanno and 

Hiraishi, 1982). 

 Cobalt chloride solutions show a characteristic Raman peak at 255 cm–1. This peak 

probably represents the symmetric stretching vibration of Cl–Co–Cl complexes, which was 

previously estimated to occur at 267 cm–1 (Agullo-Rueda et al., 1987). Nickel chloride solutions 

show a characteristic Raman peak at 390 cm–1. Again, this latter peak probably represents 

symmetric stretching of of Cl–Ni–Cl complexes, which was estimated to occur at 372 cm–1 

(Agullo-Rueda et al., 1987; and at 326 cm–1 in the gas phase according to Brewer et al., 1963). 

Copper(II) chloride solutions show a modest Raman peak at ~287 cm–1, which is almost 

certainly representative of copper chloride complexes in solution. This peak is absent in the case 

of crystalline CuCl2·2H2O, but observed in anhydrous CuCl2, and was interpreted in the latter 

case to represent Cl–Cu–Cl symmetric stretching (Medeiros et al., 2018). Other workers have 

interpreted the same peak as being representative of CuCl4
2– species (Suffren et al., 2011). In 

either case, the consensus is that the ~287 cm–1 peak represents chloride complexes of Cu2+. 

 Zinc chloride solutions have been analyzed by Raman spectroscopy (as well as various 

X-ray techniques) in several previous studies—in part because ZnCl2 shows anomalously high 

solubility in aqueous fluids compared to other metal halides—which provides a solid foundation 

for interpreting our observations.  We find that a main new peak of ZnCl2 solutions over a wide 

range of concentration >10 wt% occurs at ~294 cm–1. This feature was previously reported by 
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Irish et al. (1963) who interpreted it as having two components: a peak centered at ~278 cm –1 

and assigned to hydrated ZnCl4
2- complexes, plus another peak centered at ~305 cm–1 and 

assigned to ZnCl+ and ZnCl2(aq). A Raman peak at this position was also observed in anhydrous 

ZnCl2 melts (Alsayoud et al., 2016), where hydrated ZnCl4
2- obviously cannot be formed and in 

this context, must be assigned to ZnCl+ and ZnCl2
0. At very high concentrations of ZnCl2 (>70 

wt%), we see the emergence of two additional Raman peaks, one centered at ~242 cm–1, and the 

other at ~3500 cm–1 and overlapping with the O-H stretching region of H2O. The peak at ~242 

cm–1 was also previously noted by Irish et al. (1963), who related this Raman peak to the 

formation of polynuclear aggregates, or clusters of ions sharing a local environment similar to 

the structure of crystalline ZnCl2. This latter peak is also the most prominent Raman feature of 

molten, anhydrous ZnCl2 (Alsayoud et al., 2016), which is also consistent with the interpretation 

that this peak represents large clusters, perhaps heralding the approach to salt saturation and 

nucleation of crystals as seen in Na2SO4 solutions (Reimer et al., 2015). Finally, the Raman peak 

at 3500 cm–1 that emerges at >70 wt% ZnCl2 likely represents formation of Zn(H2O)6
2+ species 

at high concentrations (Irish et al., 1963).  

 The SnCl2 solutions show a distinct, narrow peak at 270 cm-1 which increases with 

intensity relative to the O-H stretching region as concentration increases. A similar peak was 

noted by Schmidt (2018) at 275 cm-1. This peak was described as being the Sn(II)-Cl vibration in 

aqueous solution, which was lower in intensity than the Sn(IV)-Cl vibrations observed by 

Schmidt (2018). Additionally, an increase in Raman intensity was observed at 220 cm -1 with 

increasing concentration, which Schmidt (2018) interpreted as the formation of SnCl3
- ion pairs. 

Finally, the concentrated SnCl2 solutions show a Raman peak at ~2800 cm-1, the same as seen in 
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the HCl solutions, which reflects the fact that the studied SnCl2 solutions were prepared with 

equimolar HCl:SnCl2 in order to solubilize the tin(II). 

Finally, in the case of NH4Cl, we observe the internal bending modes (1435 and 1700 cm-

1)  and stretching modes (2885 cm-1 and 3070 cm-1) of the ammonium ion (which are also 

evident in crystalline salammoniac), but we emphasize that these peaks are not diagnostic of ion 

pairing as they are characteristic of the polyatomic NH4
+ ion itself (Krishnan, 1947). 

 

4.2.2 Insights into geochemical factors that influence ion pair formation 

Numerous studies have contemplated the root causes, at the molecular scale, for why 

certain cation-anion combinations spontaneously form ion pairs whereas others do not (Collins, 

1997; Marcus, 2005; Collins, 2006; Marcus and Hefter, 2006; Lund et al., 2009). In this context, 

it is important to note that ion association in aqueous solution is generally thought to be a 

stepwise process, wherein initially free, fully solvated ions first approach one another to form 

solvent-separated (and thus, non-bonded) ion pairs (SSIP), and only if the intervening H2O 

molecules are expelled do (bonded) contact ion pairs form (CIP; Eigen and Tamm, 1962). This 

distinction between loosely associated SSIP versus explicitly bonded CIP is critical to 

interpretation of the Raman spectroscopic results, because only CIP will show characteristic 

Raman peaks, owing to the requirement of some degree of explicit donor-acceptor electron 

sharing for the Raman effect (Marcus and Hefter, 2006). Stated differently, the chloride salts that  

show characteristic Raman peaks in Table 1 (except for NH4Cl) are those that form CIP in 

aqueous solution at 25 °C and 1 bar. Therefore, our results can provide some insight into the 

underlying factors that differentiate cations that form CIP with Cl– versus those that do not. 
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Collins (1997) observed that ionic radius is a critical factor affecting whether or not 

certain cation-anion combinations will spontaneously form ion pairs. In the case of ions of equal 

charge, the average surface charge density obviously increases with decreasing ionic radius, and 

hence ions of smaller radius have strong attraction to H2O of solvation, but even stronger 

attraction to ions of opposing charge. Collins (1997; 2006) thus established empirically certain 

threshold radii that separate cations and anions that are likely to form pairs versus those that are 

not. In the case of cations, Collins (1997; 2006) placed the threshold radius at approximately the 

value of the effective radius of an H2O molecule, 106 pm—thus, cations of a radius <106 pm are 

expected to exhibit strong affinity to form ion pairs with small anions (Collins, 2006; Lund et al., 

2009). In the case of anions, the threshold radius separating “big” and “small” anions is 

approximately 178 pm (Collins, 1997; 2006). Amongst the solutes studied here, the anion is 

invariably Cl–, whose ionic radius in aqueous solution is estimated to be ~181 pm (Marcus, 

1991), and thus sitting almost exactly on the margin between “big” and “small” (Collins, 1997). 

Consequently, the principal factor that would be expected to differentiate solutes showing 

explicit CIPs versus those that do not, at least in the case of the 1:1 electrolytes, is radius of the 

cation. Indeed, we find this to be the case, such that amongst the monovalent cations (alkalis and 

ammonium), only H+ and Li+ have radii <100 pm and these are the only chlorides to show 

evidence of CIP formation (Fig. 11). 

In the case of divalent and trivalent cation chlorides (1:2 and 1:3 electrolytes), direct 

application of the conceptual model of Collins (1997; 2006) is somewhat ambiguous because the 

average surface charge density on the cation does not only scale with ionic radius, but also with 

charge. Stated differently, the cations of higher charge obviously have higher charge density than 

their monovalent counterparts of comparable size, and hence we might intuitively expect that the 
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critical factor that distinguishes pair formers would be the ratio of charge/radius (rather than 

ionic radius alone). However, our results do not seem to support this suggestion, and instead we 

find that the same threshold radius of ~100 pm for the cation seems to hold regardless of charge 

on the cation (Fig. 11). Hence, our results suggest empirically that in the case of chloride salts, 

those with cations larger than or equal in size to sodium and calcium generally do not form ion 

pairs, whereas those with smaller cations do. A phenomenological explanation for this empirical 

(and somewhat unintuitive) observation is of interest for predictive modeling, and so we provide 

some speculative discussion here. 

To rationalize our observation that ionic radius alone is the decisive factor regarding ion 

pair formation, rather than the charge/radius ratio, we consider the implied geometry of 

coordination by solvent H2O of the hydrated cations according to Pauling’s Rules (Fig. 11B; 

Pauling, 1929). We emphasize that Pauling’s Rules strictly apply to coordination of ions in 

crystalline materials, and we apply these rules here only as a simplified conceptual model to help 

visualize how solvation and ion association may differ in the case of “big” versus “small” 

cations. Essentially, according to Pauling’s Rules, a smaller cation can only be closely 

surrounded by fewer anions of equal size, potentially leaving relatively large gaps or holes in the 

first coordination shell. In contrast, larger cations can be closely surrounded by a greater number 

of anions of equal size, which can be envisioned as giving rise to an unbroken first coordination 

shell (without holes). Hence, from this conceptual point of view, a sparse first coordination shell 

around a cation of smaller ionic radius enables a chloride anion to access the cation (Fig. 11B), 

thus forming a CIP. In contrast, the cation of larger ionic radius is surrounded by more H2O’s of 

solvation such that no interstitial gaps remain. In this case, the solvation shell effectively shields 

the cation and does not allow chloride ions to access the cation, preventing formation of CIPs. 
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Again, we emphasize that this conceptual model is highly simplified and is not meant to 

quantitatively describe real molecular-scale interactions, but we nevertheless suggest that this 

view at least provides a plausible mechanistic explanation as to why ionic radius seems to be 

more important than charge/radius ratio in determining ion pair formation. 

 

4.3 Salinity Estimation 

4.3.1 Bulk Salinity Estimates 

 Since the 1960’s, numerous workers have developed various calibration schemes relating 

the relative Raman intensities of various peaks to the absolute salinity (Busing and Hornig, 1961; 

Schultz and Hornig, 1961; Walrafen, 1962; Mernagh and Wilde, 1989; Baumgartner and Bakker, 

2009; Sun et al., 2010; Frezzotti et al., 2012). Most such calibrations for salinity estimates of 

aqueous fluids have been based on the relative integrated intensity (or peak areas), quantified by 

peak fitting functions (Walrafen, 1962; Mernagh and Wilde, 1989; Sun et al, 2010), with focus 

mostly on the relative intensities particularly between “network” (hydrogen-bonded) versus 

“poorly connected” (weakly hydrogen bonded, with few neighbors) H2O—or in other words, the 

relative intensities of the shoulder at ~3250 cm–1 versus the main peak of H2O at ~3380 cm–1. 

However, as noted above a variety of interpretations and models for the O-H stretching region of 

H2O have been proposed, and there is little consensus on the true number of peaks, their relative 

intensities, nor their positions. Inevitably, this uncertainty introduces a number of questions with 

regard to how to treat the O-H stretching region in terms of estimating salinity. 

Arguably the most comprehensive development of a Raman spectroscopic salinity sensor 

to date was that of Sun et al. (2010), who evaluated the effect of salinity on the shape of the O-H 
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stretching region for four geologically relevant chloride salts: NaCl, KCl, CaCl2, and MgCl2. 

Remarkably, Sun et al. (2010) found that when the salinities of these four salts were expressed in 

terms of molar concentration of chloride (moles of Cl per litre of solution), all four salts 

conformed to a single calibration equation—thus, potentially allowing for salinity estimates 

independently of the identities of the cations in chloride-rich brines. Although not explicitly 

discussed by Sun et al. (2010), the use of molarity units of concentration in this context makes 

intuitive sense, because molarity units implicitly account for the degree of electrostriction, and 

hence the solute-solvent interactions that are also manifested in the distortion of the O-H 

stretching region. In the latter regard, the approach by Sun et al. (2010) is analogous to the 

approach by Lamadrid et al. (2018) and Sublett et al. (2020) to estimate fugacities of species in 

gas mixtures. Here, because we analyzed the same salts as done by Sun et al. (2010) but with 

more coverage in terms of salinity, as well as a wide variety of other chloride salts, we tested the 

application of the equation provided by Sun et al. (2010) to our data.  To do so, we applied the 

same two-peak fitting procedure as described by Sun et al. (2010), and transformed our salinities 

into units of molarity of chlorine using the solution density data shown in Table 2. 

Results of our comparison showed an excellent linear relationship between the known 

(measured by gravimetry) salinity versus that predicted by Raman spectroscopy using the 

equation of Sun et al. (2010), but this linear relationship did not conform to a 1:1 line (Fig. 12). 

Stated differently, we found that the equation from Sun et al. (2010) systematically 

underestimated the molar concentration of Cl by ~22% across the whole range of concentration 

for NaCl, exhibiting an excellent linear fit with high R2 (>0.99). We attribute this systematic 

mismatch to the same factors as discussed by Lamadrid et al. (2017), De Vitre et al. (2021) and 

Remigi et al. (2021), who all noted that density calibrations for CO2 based on Raman spectra 



23 

 

commonly differ to a significant degree between different Raman instruments. The exact reasons 

for these inter-laboratory differences in Raman calibrations are only partly understood, but 

probably reflect subtle differences in parameters that might include laser wavelength, room 

temperature/humidity, and precise position of each relevant pixel of the instrument CCD 

detector. These and other factors likely introduce subtle differences in each individual 

spectrometer, which can have significant effects on quantitative calibrations. As our results of 

comparison with the equation of Sun et al. (2010) show an excellent linear correlation but a 

systematic underestimation of salinity, we conclude that the salinity calibration shows similar 

variations as seen for gas densimeters. Therefore, we strongly suggest that, in order to use 

Raman spectroscopy for salinity estimation, each laboratory should consider analyzing solutions 

of known salinity to develop their own, laboratory-specific calibration (Lamadrid et al., 2017 and 

De Vitre et al., 2021). In the next paragraphs, we outline the approach to calibration taken here, 

which may be promising for such developments. 

Our initial attempts at calibrating a Raman spectroscopic salinity sensor for aqueous 

fluids used the same two- peak model for the O-H stretching region as done by Sun et al. (2010). 

However, we noted that the residuals of the model fits were rather poor (see, for example, Fig. 3 

of Sun et al., 2010). These poor residuals introduced significant error for many of the solutes 

studied here that showed different shapes of the O-H stretching region. However, our attempts 

using a five-peak model (e.g., Sun, 2009) were similarly unsatisfying because the broad and 

overlapping peaks could not be confidently disentangled in a way that worked consistently 

across the different solutes and from dilute to concentrated solutions. Therefore, we 

experimented with a different approach that avoids peak fitting altogether, by calibrating a 

numerical relationship between salinity and relative intensities at specific Raman shifts. This 
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approach was previously used successfully to calibrate the NaOH concentrations of aqueous 

solutions because the Raman peak for hydroxide overlaps with the O-H stretching region of H2O 

(Shaffer, 1997; Steele-MacInnis and Schmidt, 2015). Here, we adapt this approach to estimate 

molal concentration of chloride across a wide range of chloride-salt solutes.  

In our straightforward procedure, we first performed a linear baseline subtraction and 

then simply extracted the intensity at four positions (Raman shifts) across the O-H stretching 

region: 2800, 3250, 3380 and 3640 cm-1. The outer two positions (2800 and 3640 cm–1) were 

selected primarily as “anchors,” to compute relative heights of the two inner positions at 3250 

and 3380 cm–1, which roughly correspond to strongly hydrogen bonded and weakly hydrogen 

bonded H2O, respectively. Hence, the ratio of these two peak heights is a measure of the relative 

degree of hydrogen bonding, and thus a proxy measure of salinity. Finally, for each datum 

amongst the saline fluids, we subtracted the same ratio of pure H2O to effectively zero the y-

intercept. The resulting calibration equation thus has the form: 

 

(1)     mCl = A( (
𝑖3380−𝑖3640

𝑖3250−𝑖2800
)Sample − (

𝑖3380−𝑖3640

𝑖3250−𝑖2800
)H2O) 

 

where mCl denotes molality of chloride; ix denotes Raman intensity at the wavenumber denoted 

by the the subscript x; and A is a single empirical coefficient (specific to each Raman 

spectrometer) determined by linear regression analysis.  

First, we applied this simple calibration equation to our data on the same four salts as 

studied by Sun et al. (2010), in order to test whether a molarity scale (as used by Sun et al., 2010) 
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provides a better quantitative fit than the more convenient molality scale (Fig. 13 A, B). Our 

results showed, somewhat unexpectedly, that the calibration works equally well regardless of 

whether molal or molar units are used (Fig. 13 A, B), and in fact the data show a slightly better 

linear relationship when molal units are used instead of molar. Because molarity units are per 

litre of solution, and because molar volumes of aqueous solutions vary strongly with temperature 

and pressure, molar units are generally inconvenient in geologic applications. Therefore, based 

on our results, we suggest that salinity calibrations based on Raman spectra should generally use 

molal units, as the latter are independent of fluid density and indeed yield a slightly improved fit. 

We also note that because our data included a wider range of concentrations compared to Sun et 

al. (2010), the trends for CaCl2 and MgCl2 diverge at high salinities >6 molal Cl (Fig. 13A, B). 

Sun et al. (2010) had analyzed CaCl2 solutions up to ~9 molal Cl, but MgCl2 solutions only up to 

~3 molal Cl, and therefore did not observe this divergence. It should be emphasized that Mg-rich 

bittern brines with MgCl2 concentrations up to 3 molal Mg (hence, ~6 molal Cl) have been 

reported in unconformity-type U deposits (Richard et al., 2010; Mercadier et al., 2012). 

Next, we used the same approach to test the calibration of Eq. 1 amongst the other 

chloride salts (Fig. 13C). As noted above, Sun et al. (2010) observed and discussed how the 

Raman spectral salinity sensor, when expressed in terms of molar concentration of chloride, 

seemed to apply equally as well regardless of the identities of the cations, though this was based 

only on the chlorides of Na, K, Mg and Ca. Therefore, we tested how well this same approach 

would apply across a wider spectrum of chloride salts. Our results show that, when all 19 salts 

are plotted over the full range of concentrations analyzed, a single linear relationship does not 

hold, and instead the data display a “fan” shape wherein the trends for individual salts diverge 

strongly towards high salinity (Fig. 13C)—similar to, but more pronounced, the divergence 
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between the results for CaCl2 and MgCl2 noted above. This result can be rationalized by 

considering the relationship between the Raman spectrum of solvent H2O and salinity essentially 

similar to the well-known colligative properties of electrolyte solutions (e.g. freezing point 

depression, boiling point elevation, osmotic coefficient), each of which conform to universal 

relationships with molal concentration (independent of the identity of the electrolyte solute) at 

low salinity, but diverge strongly at high concentration. Moreover, of the 19 chloride salts 

studied here, 7 display particularly strong departure from the common linear trend: CsCl, MnCl2, 

FeCl3, CoCl2, CuCl2, ZnCl2, and SnCl2. Each of these latter salts, at high concentration, show 

trends that tend to plateau, such that the peak intensity ratio no longer varies with salinity when 

concentration is high (Fig. 13C). As a result, a direct application of Eq. 1 to these solutions at 

high concentration would yield significant underestimates of chloride concentration. We 

interpret the root causes for the strong divergence of these latter 7 salts as follows. In the case of 

CsCl, the divergence is likely a result of the large ionic radius and low charge of the cation, such 

that Cs+ shows a weaker attraction to solvent H2O and therefore less tendency to electrostriction 

of H2O. In contrast, in the case of MnCl2, FeCl3, CoCl2, CuCl2, ZnCl2, and SnCl2, these chlorides 

show strong tendency to form ion pairs (as evidenced from their respective Raman peaks at low 

wavenumber), and as a result these solutes effectively yield fewer free ions per mole of salt than 

would be predicted based on stoichiometry alone. We note also that CsCl, MnCl2, and ZnCl2 

diverge from the common trend above ~6 molal, whereas the threshold concentrations for FeCl3, 

CoCl2, CuCl2, and SnCl2 are lower, ~2-4 molal. 

Our results reaffirm, as suggested by Sun et al. (2010), that a single calibration of the 

relationship between chloride concentration and shape of the O-H stretching band of H2O can be 

an effective tool to estimate salinity of brines independently of the type(s) of chloride salts in 
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solution over wide ranges of concentration. For 12 of the 19 salts, we find that a single 

calibration works over the whole salinity range from dilute to saturated solutions—which, in 

many cases (e.g., RbCl, NH4Cl, BaCl2 etc.), is a significantly wider range than the whole range 

of known geologic fluid compositions. Stated differently, a straightforward calibration such as 

Eq. (1) will hold for these 12 salts at any concentration expected in geologic fluids. Even in the 

case of ferrous iron (FeCl2), which has been reported in magmatic-hydrothermal fluids such as in 

porphyry Cu deposits at concentrations up to 10’s of wt% (Yardley, 2005; Bodnar et al., 2014; 

Audétat, 2019), the same straightforward, linear calibration holds across this full range of Fe 

concentrations.  Fortunately, even in the case of the 7 salts that show significant departure from 

the simple calibration at high salinity, such departures are unlikely to affect analyses of natural 

fluids because of the limited ranges of concentrations of these salts reported in geologic fluids. 

For example, Cs concentrations are generally highest in fluids exsolved from highly evolved 

granitic pegmatites, but to our knowledge the highest concentrations reported from brine 

inclusions in such settings were ~2 wt% (~0.1 molal Cl; Borisova et al., 2012). Manganese 

concentrations in brine inclusions from magmatic-hydrothermal ore deposits commonly reach 

multiple wt% levels (up to ~7 wt% Mn, corresponding to ~1 molal Cl; Yardley, 2005; Audétat, 

2019), which again is well within the range of concentration over which our calibration holds for 

MnCl2. With regard to FeCl3, the highest Fe concentrations (10’s of wt%) reported tend to be 

from porphyry Cu deposits that are generally oxidized and where primarily ferrous iron is 

expected, but nevertheless even at concentrations up to ~20 wt% FeCl3 our calibration still holds. 

Concerning Co, to our knowledge the highest  Co concentration reported from natural fluid 

inclusions was ~1000 ppm (0.1 wt%, or ~0.02 molal Cl; Davey et al., 2021), well within the 

working range of our calibration. Brine inclusions from various magmatic-hydrothermal ore 
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deposits have shown reported concentrations of up to ~3 wt% Cu (Steele-MacInnis et al., 2021), 

~1 wt% Zn (Audétat, 2019) and ~1 wt% Sn (Van Daele, 2018), but even such extreme metal 

chloride concentrations are well within the range of validity in our calibration equation for 

CuCl2, ZnCl2 and SnCl2. Hence, we conclude that some solutes should be analyzed cautiously 

using the approach outlined here, but at least in terms of geologic fluids reported so far it appears 

that a common salinity calibration will apply in most circumstances. 

Overall, our results support the general approach outlined by Sun et al. (2010) and 

suggest a somewhat more straightforward procedure that uses only peak intensities rather than 

peak areas, as well as molal concentration rather than molar. Our results also show that a 

relatively simple (linear) relationship between ratios of peak intensities and chloride 

concentration holds independently of the identity of the cation, at least up to modest 

concentrations of most common geologic solutes. This approach to quantifying bulk salinity 

might hold particular promise when combined with additional information on the ratios of 

cations in a fluid inclusion, for example by laser ablation ICPMS (Steele-MacInnis et al., 2016). 

That said, we stress that the application of such a Raman spectroscopic salinity proxy to fluid 

inclusions in minerals must also account for other potential sources of uncertainty, and in 

particular the effect of the mineral host on the Raman spectrum. Previous studies have shown 

that the optical polarization of the host mineral can have a significant impact on the measured 

peak ratios of the O-H stretching region of H2O (Baumgartner and Bakker, 2009; Sun, et al, 

2010), and such variations would implicitly propagate into salinities estimated by the approach 

discussed here. Finally, we reiterate that the fitting coefficient in Eq. (1) is almost certainly 

instrument specific (Lamadrid et al., 2017; De Vitre et al., 2021; Remigi et al., 2021), and 

therefore each laboratory must develop their own calibration. In this regard, the general 



29 

 

consistency of the trends amongst different chloride salts is a definite advantage, because a 

calibration based only on a single solute (e.g., NaCl) will generally work well regardless of the 

types of chloride solutions analyzed in most cases. 

 

4.3.2 Individual Salt Molality Estimates 

As noted in the previous section, the formation of ion pairs amongst solutes such as 

CuCl2, ZnCl2 and SnCl2 poses some challenge for bulk salinity estimation owing to a subdued 

effect of these latter solutes on the O-H stretching band of H2O at high salinity (Fig. 13C). 

However, at the same time this phenomenon creates an opportunity to develop tools to 

quantitatively estimate the concentrations of these solutes based on the relative intensity of each 

relevant, unique Raman peak assigned to the latter ion pairs. To do so, we tested how the ratio of 

the peak intensity for each relevant peak, compared to the intensity of the O-H stretching band, 

varied with concentration, similar to Eq. (1). The general equation for such a calibration can be 

expressed as: 

 

(2)     mXCl2 = BX( (
𝑖ion pair

𝑖3380
)Sample − (

𝑖ion pair

𝑖3380
)H2O) 

 

where X represents either Cu, Zn or Sn (or, potentially, other cations whose chlorides 

show Raman spectroscopic evidence of ion pairing), BX is a regression coefficient specific to 

each latter solute, and iion pair represents the Raman intensity at 287, 294 or 270 cm–1 

(respectively; Fig. 14A–C). In the case of CuCl2, the peak intensity ratio for the 287 cm–1 peak 
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remains essentially zero until a threshold concentration of 1 molal Cl is exceeded, suggesting 

that this is the threshold concentration for the onset of ion pairing of CuCl2 (Fig. 14A). In 

contrast, the respective peak intensity ratios for both ZnCl2 and SnCl2 increase monotonically at 

all measured concentrations above pure H2O (Fig. 14B, C). These results suggest that the relative 

intensities of the peaks specific to ion pairs may be a promising avenue not just for identifying, 

but also quantifying concentrations, of some salts that show ion pairing. Such an approach may 

be particularly useful for situations where LA-ICP-MS techniques cannot be used due to 

interferences from the host mineral, such as in the case of analysis of zinc in fluid inclusions 

hosted in sphalerite (Szmihelsky et al., 2021).  

Another potentially impactful, potential calibration with regard to individual solutes in 

solution is the possibility of estimating HCl concentrations—and hence, pH—of geologic fluids. 

Dubessy et al. (1992) developed an approach to estimating pH of fluid inclusions indirectly, 

according to the relative peak areas corresponding to carbonate and bicarbonate and the known 

pH-dependent homogeneous equilibrium between these species in solution. However, our results 

suggest a potential direct alternative according to the Raman intensity at ~2800 cm–1 

corresponding to HCl ion pairs. Similarly to Eqs. (1) and (2), we can express a simple calibration 

equation based on the relative peak intensity of the latter peak as follows: 

 

(3)     mHCl = C( (
𝑖2800

𝑖3250+𝑖3380+𝑖3640
)Sample − (

𝑖2800

𝑖3250+𝑖3380+𝑖3640
)H2O) 

 

where mHCl is the molal concentration of HCl and C is a fitting coefficient. In Eq. (3), note that 

the intensity of the 2800 cm–1 peak of HCl is compared to the sum of three peak positions 
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corresponding to the O-H stretching band of H2O, in order to exclude generally effects of bulk 

salinity on the shape of the O-H stretching band. Indeed, we find that the HCl data conforms well 

to a simple linear correlation according to Eq. (3), whereas the neutral salts NaCl, KCl, MgCl2 

and CaCl2 show essentially zero values across the whole range of salinity (Fig. 14D). To test the 

application of this approach beyond the calibration, we used Eq. (3) to calculate the (known) 

concentration of HCl in the SnCl2 solutions (Fig. 14E). The results show a good positive 

correlation with a slope close to 1:1, indicating that Eq. (3) provides reasonable estimation of the 

HCl concentration. We suggest that this approach can be coupled with the known relationship 

between HCl concentration and pH to serve as a direct, spectroscopic pH sensor for geologic 

brines.  

 

5. Conclusions 

We surveyed the Raman spectroscopic properties of aqueous metal-chloride solutions at 

ambient temperature and pressure for 19 chloride salts, from pure H2O up to salt saturation. The 

results show that Raman spectra can be used to reasonably estimate salinity across wide ranges 

of salt types and salinities, likely encompassing the whole range encountered in natural geologic 

fluids. Some salts specifically affect the O-H stretching region, whereas others show explicit 

spectroscopic evidence for ion pair formation. We found that the likelihood that a cation will 

form an ion pairs with chloride in solution is strongly dependent on the ionic radius (with the 

threshold at ~100 pm), and apparently independent of the charge of the cation. The specific 

Raman peaks indicative of the various ion pairs (Table 1) can in some cases be used to identify 

certain solutes in solution. 
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In terms of salinity estimation, we built upon the previous study of Sun et al. (2010) and 

show that a similar (and in fact, even more straightforward) relationship between peak intensity 

ratios and molal concentration of chloride is valid for most chloride salts over wide ranges of 

concentration. Some salts, such as FeCl3, CuCl2, SnCl2, and CoCl2
 diverge from the common 

trend when salinity is high, likely due to formation of ion pairs that effectively reduce the molal 

concentration of free Cl–, but generally this occurs only at concentrations that exceed what has 

been reported for geologic fluids. Meanwhile, the formation of such ion pairs potentially enables 

individual calibrations that could be used to quantify certain metal contents, and even pH, by 

spectroscopic means (Fig. 14). We emphasize that such calibrations for salinity, pH and metal 

contents should probably be performed for each specific laboratory and instrument owing to the 

previously noted differences between quantitative Raman sensors for other parameters like gas 

densities, and we suggest that the approaches outlined here and Eqs. (1) through (3) can serve as 

a guide for such developments.  
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TABLES 

Table 1. Conditions of the experiments, and the peak positions of the main observed Raman 

peaks that are distinct from the spectrum of pure H2O. 

Compound 
Concentration Range 

(wt%) 

Measurement interval 

(wt%) 

Diagnostic peaks 

(cm-1) 

HCl 0 - 37 5 2800 

LiCl 0 - 45 2 370 

NaCl 0 - 26 1 - 

KCl 0 – 25 1 - 

RbCl 0 – 47 10 - 

CsCl 0 - 65 5 - 

MgCl2 0 - 34 2 356 

CaCl2 0 - 43 2 - 

SrCl2 0 - 34 10 - 

BaCl2 0 - 25 5 - 

MnCl2 0 - 39 2 355 

FeCl2 0 - 40 5 368 

FeCl3 0 - 47 10 318 

CoCl2 0 - 33 2 255 

NiCl2 0 - 30 2 390 

CuCl2 0 - 43 2 287 

ZnCl2 0 - 80 10 294 

SnCl2 0 - 45 2 220, 270 

NH4Cl 0 - 28 2 
1435, 1700, 2885, 

3070 
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Table 2. Table of densities and their corresponding fitted equations. X is mole fraction and Y is 

density in g/cm3. 

Compound Density Range (g/cm3) Density Equation 

HCl 1 – 1.1736 y = -1.0013x2 + 0.87x + 1.0016 

LiCl 1 – 1.2947  y = -0.3899x2 + 1.2254x + 1.0012 

NaCl 1 – 1.1964 y = -7.0855x2 + 4.9167x + 1.0274 

KCl 1 – 1669 y = 0.0068x +0.9969 

RbCl 1 – 1.3853 y = 0.6501x2 + 4.2269x + 1.0025 

CsCl 1 – 1.4147 y = -11.342x2 + 7.0217x + 1 

MgCl2 1 – 1.3287 y = 3.6096x + 1.0084 

CaCl2 1 – 1.4478 y = -4.5272x2 + 4.514x + 1.0053 

SrCl2 1 – 1.1815 y = -59.386x2 + 8.2067x + 1 

BaCl2 1 – 1.2748 y = 9.4774x + 1.0024 

MnCl2 1 – 1.4069 y = 0.0104x + 0.9995 

FeCl2 1 – 1.4483 y = -7.4165x2 + 3.7675x + 1.0013 

FeCl3 1 – 1.5296 y = -5.5463x2 + 3.5456x + 1.0023 

CoCl2 1 – 1.3600 y = 5.6515x + 1.0069 

NiCl2 1 – 1.3447 y = -10.484x2 + 6.7715x + 0.9993 

CuCl2 1 – 1.5018 y = -6.7928x2 + 6.3701x + 1.0023 

ZnCl2 1 – 1.9035 y = -7.0855x2 + 4.9167x + 1.0274 

SnCl2 1 – 1.5944 y = -16.609x2 + 8.7498x + 1.0024 

NH4Cl 1 – 1.0800 y = -1.4781x2 + 0.8549x + 1.0006 
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FIGURES 

 

Figure 1. Regions of the Raman spectrum of water and their interpretations (see Section 1 for 

additional details).  
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Figure 2. Photographs showing the configuration used in the experiments. In the lower 

photograph, the cuvette holder is attached to the lens revolver. 
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Figure 3. Concentrations of chloride salt solutions versus the density of each solution. A) 

Alkalis, B) Alkaline Earth metals (plus ammonium and tin(II)), C) First row transition metals. 
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Figure 4. Raman spectra of alkali chlorides from 50 to 4000 cm-1. A) HCl, B) LiCl, C) NaCl, D) 

KCl, E) RbCl, F) CsCl. 
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Figure 5. Raman spectra of alkaline Earth metal, ammonium and tin(II) chlorides from 50 to 

4000 cm-1. A) MgCl2, B) CaCl2, C) SrCl2, D) BaCl2, E) SnCl2, F) NH4Cl. 
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Figure 6. Raman spectra of first row transition metals from 50 to 4000 cm -1 A) MnCl2, B) FeCl2, 

C) FeCl3, D) CoCl2, E) NiCl2, F) CuCl2, G) ZnCl2. 
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Figure 7. Partial molar volume versus mole fraction concentration. The straight line represents 

ideal mixing, and the fitted line shows the departure from ideality for alkali chlorides. A) HCl, 

B) LiCl, C) NaCl, D) KCl, E) RbCl, F) CsCl. 
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Figure 8. Partial molar volume versus mole fraction concentration. The straight line represents 

ideal mixing, and the fitted line shows the departure from ideality for alkaline Earth metals, 

tin(II), and ammonium chlorides. A) MgCl2, B) CaCl2, C) SrCl2, D) BaCl2, E) SnCl2, F) NH4Cl.   
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Figure 9. Partial molar volume versus mole fraction concentration. The straight line represents 

ideal mixing, and the fitted line shows the departure from ideality for first row transition metals. 

A) MnCl2, B) FeCl2, C) FeCl3, D) CoCl2, E) NiCl2, F) CuCl2, G) ZnCl2.   
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Figure 10. Comparisons of A) Raman shift 200 to 400 cm-1 and B) OH-stretching region of 

various chloride solutes at 4 molal concentration. 
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Figure 11. A) Charge versus ionic radius for cations analyzed in this study, grouped according to 

whether or not the chloride salt shows evidence of ion pairing. Ionic radii from Marcus (1991). 

B) Schematic diagram illustrating a simple, conceptual model for why smaller cations show 

evidence of ion pairing. 
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Figure 12. Comparison of actual versus calculated chloride molarity using the equation of Sun et 

al. (2010), showing an excellent linear correlation, but systematic underestimation of actual 

chloride molarity, which probably reflects differences between individual Raman instruments.  
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Figure 13. A) Molal concentration (moles Cl per kg H2O) chloride in NaCl, KCl, CaCl2, and 

MgCl2 solutions versus peak intensity ratio as per Eq. (1). B) The same data as in A, but 

transformed to the molar concentration scale (moles Cl per litre of solution). Note that the molal 

scale in panel A yields a somewhat better fit compared to the molar scale in B.  C) Molal 

concentration of chloride in solution for all solutes from this study up to 20 molal versus peak 

intensity ratio as per Eq. (1). D) Close-up view of the same data as in panel C, up to 6 molal Cl 

for most salts (except CoCl2 > 2.5 molal, CuCl2 > 1.1 molal, and SnCl2 > 1.4 molal). 
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Figure 14. A-C: Correlations of the peak intensity ratio for the ion pair as per Eq. (2) with molal 

concentration of chloride for A) CuCl2 B) ZnCl2 and C) SnCl2 D) Correlation of the peak 

intensity ratio as per Eq. (3) with molal concentration of HCl. Note that for the neutral salts 

NaCl, KCl, MgCl2 and CaCl2, the ratio as per Eq. (3) is zero independently of concentration. E) 

Comparison of the HCl concentration in our SnCl2 solutions as calculated according to Eq. (3), 

with the known (measured) concentration. 
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