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Abstract  The results from Raman spectroscopy analysis of salt aqueous solutions at −170℃ 
demonstrate that for those clearly sharp iron peaks whose Raman wavenumber is close to each other 

such as  and , their original shape could be restorable by the stripping technique, and 

that ice’s sharp characteristic peak (3090―3109 cm

−
3NO −2

3CO
−1) is steady, while the spectrum band of the 

complex compound (nCl−―[H+―OH−]n) chlorine ion combined chemically with water molecule is 
3401―3413 cm−1. On the other hand, the research shows that the higher the negative iron concen-
tration, the stronger its Raman characteristic peak intensity and the smaller the ice’s. Based on the 
number of data and theoretical work, the strong correlation of the molar concentration of negative ion 
with the  band area ratio is built up. Moreover, the developed Raman method is successfully 

used in the component analysis of the field fluid inclusions from Silurian sandstone in Tarim basin.  
2H O/iS S

Keywords: Raman, negative ion, complex compound nCl−―[H+
―OH−]n, concentration, Tarim basin. 

The salinity of fluid inclusions is an important pa-
rameter, which gives scientists the ability to under-
stand paleo-fluid chemistry, the forming of deposit and 
petroleum as well as the evolution in geological his-
tory[1]. Generally, the parameter is estimated to 
roughly represent the natural frame of geological fluid 
using the ice melting temperature and first melting 
temperature from microthermometry apparatus, be-
cause fluid inclusion is so small (＜100 µm in size) 
that the fluid in inclusion is difficult to be extracted for 
the bulk composition analysis[2−9]. Therefore, more 
reliable information on the salinity of fluid inclusion 
has attracted the scientists’ attention. 

As a nondestructive analysis tool, the Raman tech-

nique has been applied to the measurement of single 
inclusion[10,11] and the identification of negative ions in 
fluid inclusions such as , ,  and 

. But the performance depends on whether the 
experiments could solve a series of common problems 
or not, including the recognition of the close Raman 
peaks, for example,  and [12]

2
3CO −

3HCO− 2
4SO −

3NO−

3NO− 2
3CO − , and of sin-

gle element negative ion such as Cl−, which usually 
cannot be seen in Raman spectra[13]. Another problem 
is that as a necessary carrier of geological fluid, water 
at room temperature displays such a large and intense 
envelope in Raman spectrogram that either its inten-
sity cannot be precisely ascertained[14―16], or other 
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important information is concealed. 
In this research, a range of controlled experiments 

at −170℃ make the Raman characteristic peak, such 
as nCl−―[H+―OH−]n, negative ions in mixed solution 
and the ice (3090―3108 cm−1) clearly visible, and the 
regularity that the negative ion intensity strengthen 
and the ice intensity weaken with the increasing ions 
molar concentration ruled out and the curve graph 
which expose a positive correlation between the 

 band area ratio and the negative ion molar 

concentration built up. Finally, a field application 
arising from the knowledge of qualitative and quanti-
tative spectrometric analysis of negative ions and the 
bulk salinity of fluid inclusion in diagenetic cements 
from Silurian sandstone in the Tarim Basin provides a 
detailed record of the paleo-fluid evolution and proves 
that the Raman spectra method at −170℃ is very ef-
fective in working out the evolution of the unknown 
geological fluid. 

2H O/iS S

1  Experiments 

1.1  Samples 

Series of standard aqueous solution (GB652- 
GB672), including chlorate Cl−, sulfate , nitrate 

, carbonate , bicarbonate  and dif-

ferent sorts of negative ion population solution, etc. 
with all kinds of positive ions (Na

2
4SO −

3NO− 2
3CO −

3HCO−

+, K+, Ca2+, Mg2+, 
Cu2+, Mn2+, Fe3+), are prepared by Laboratory Center, 
RIPED in China, according to the composition of 
natural fluid inclusion[5,9,17]. A total of 769 experi-
ments sample have been done. 

1.2  Instrument 

Raman spectral characterization of samples was re-
corded on Raman spectrograph JY-1000 (made in 
France) (Ar+ laser 514.532 nm, laser power at the 
sample surface 2―4 mW, objective lens 50×LWD). 
The sample set in the freezing room of heating and 
freezing stage was tested at −170℃ for 30 s and the 
solution was sealed in the quartz crucible. The hole 
size was as follows: 300 µm at room temperature and 

100 µm at −170℃ for solution, 1―5 µm for inclusion.  

2  Results and discussion 

2.1 Raman characteristics for individual negative-ion 
solution at −170℃ 

Although the shape of the water band appears a 
broad profile at room condition[14―16]. the spectrums of 
the saline solutions at −170℃ have different patterns, 
notably in the presence of 3090―3109 cm−1, 3147―
3229 cm−1 and 3262―3300 cm−1 (Fig. 1). Among 
them, the range of 3090―3109 cm−1 that is the ice 
characteristic peak with the reference of the previously 
published example is great sharp and steady so that its 
location and identity can be easily and precisely as-
certained[18, 19].  

Likewise, the sharp and stable band of the negative 
ions ( , ,  and ) appears to be 

characteristic at −170℃ besides the pinnacle of ice 
band. Because the ions have a good Raman activity as 
confirmed earlier, they are impossibly combined with 
the water molecule (Fig. 1). Under the same testing 
condition, as the concentration of negative ions is in-
creased, their Raman spectra intensity become larger, 
such as I

2
4SO −

3NO− 2
3CO −

3HCO−

1046―1050 ( ) and I3NO−
1069 ( )(Fig. 2), 

whereas the ice’s (I

2
3CO −

3102―3109) become smaller. 
Notice in Figs. 1, 3 that the spectrogram of chlorate 

solution with different positive ions is of a remarkable 
characteristic at −170℃. As a monovalent negative ion, 
Cl− is so labile that it combines with water molecule 
[H+–OH−] to form a stable complex compound 
(nCl−―[H+―OH−]n), which exhibits a characteristic 
peak in Raman spectra. That is the reason why two 
sharp peaks (3401―3413 cm−1 and 3424―3438 cm−1) 
usually appear in the range of 3403―3440 cm−1 be-
sides the ice peak in the spectrogram of chlorate solu-
tion. But the pattern has no presence in other kind of 
saline solution, for instant, sulfate  and carbon-

ate  (Figs. 1 and 3).  

2
4SO −

2
3CO −

Similarly, in the H2O-NaCl system, with the in-
creasing concentration of negative ion, the Raman 
spectra intensity becomes larger, whereas the intensity  
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Fig. 1.  Raman spectra of different H2O-salt systems at −170℃. 1, 
NaNO3 solution; 2, Na2SO4 solution; 3, Na2CO3 solution; 4, NaHCO3 
solution; 5, NaCl solution. 

of ice (I3108) becomes smaller. The same change hap-
pens in the Raman spectra of other chlorate solutions, 
such as CaCl2, FeCl3, KCl, CuCl2 and NH4Cl (Fig. 
3(a), (b)). In brief, a positive correlation exists be-
tween Raman peak intensity of the negative ions and 
the concentration of those ions. 

2.2  Raman characteristic for multi-negative ion so-
lution at −170℃ 

In the previous section, it is demonstrated that not 
only the negative ions and the ice in the single salt 
solutions respectively have their own distinct Raman 
peak, but the high correlation between the Raman peak 
intensity of the negative ion and the salinity of the 
single salt solution exists at −170℃. However, the 
geological fluid actually is diverse and usually consists 
of one more negative ion species. Whether these nega-
tive ion peaks, especially the adjacent peaks such as 

 and , are themselves or transferred to  3NO− 2
3CO −

 

Fig. 2.  Raman spectra of H2O-Ca(NO3)2 systems with different con-
centration at −170℃. 

others, needs to be carefully assessed. The experiment 
at −170℃ tests two-group solutions. One solution is 
composed of two kinds of salts and the other three 
kinds of salts. 

Beginning with the double negative ions solution 
comprising sodium carbonate Na2CO3 and sodium 

nitrate NaNO3, the examination shows that the  3NO−

Raman spectra situation (1049.8 cm−1 and 1048.3 cm−1) 
is constant with those (1046―1050 cm−1) from its 

pure solution and the  wavenumber (1063.9 2
3CO −

cm−1, 1062.3 cm−1) is only less than those (1069 cm−1) 
from its pure solution. What’s more, the overlapping 
peaks are restorable using the stripping technique in 
automatic or manual way. If only improving the 
NaNO3 mole concentration of the solution, the inten- 

sity of  in Raman spectra will become stronger, 3NO−

whereas those of  have no change (Fig. 4). 2
3CO −
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Fig. 3.  Raman spectra of chlorate solution with different concentrations at −170℃. 

 
Fig. 4.  Raman spectra of H2O-NaNO3-Na2CO3 systems with different concentrations at −170℃. 1, 5 g NaNO3 and 5 g Na2CO3 dissolved in 100 g 
water. 2, 2.5 g NaNO3 and 5 g Na2CO3 dissolved in 100 g water. 
 

The second group solutions both contain three kinds 
of negative ions, which are sodium sulfate Na2SO4, 
sodium carbonate Na2CO3 and sodium nitrate NaNO3. 
Each negative ion concentration in the solution named 
“a”, is twice than those in the solution named “b”. Ob-
viously, the Raman spectra characteristic of the nega-
tive ions are the same as the related examples men-

tioned previously. Compared with the situation of the 
“b” solution, the negative ions peak’s intensity in “a” 
solution markedly increases in uniform scale, con-
firming that the intensity depends on the ion concen-
tration. Meanwhile, the ice peak intensity in “a” solu- 
tion is still weaker than those of “b” solution because 
of the higher salinity in “a” solution (Fig. 5). 
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Fig. 5.  Raman spectra of H2O―NaNO3―Na2CO3―Na2SO4 systems with different concentrations at −170℃. 1, 4 g NaNO3, 4 g Na2CO3 and 4 g 
Na2SO4 dissolved in 100 g water. 2, 2 g NaNO3, 2 g Na2CO3 and 2 g Na2SO4 dissolved in 100 g water. 
 
2.3  Semi-quantitative analysis of the negative ion 
concentration at −170℃ 

The Raman peak intensity (I) of a matter is positive 
correlation to the number of its molecule that contrib-
utes to the scattering process, and thus the mole per-
centage (X) of the negative ions in fluid inclusions can 
be derived from the intensity of their characteristic 
Raman peak relative to that of water (ice) using the 
following equation: 

1
(mol%) ( / ) / / ,

n

i i i j
j

X I F I
=

⎛ ⎞
= ⎜ ⎟⎜ ⎟

⎝ ⎠
∑ jF  

where I i is the peak amplitude of a liquid component (i) 
in a inclusion and Fj is the Raman scattering cross sec- 
tion of this component[20]. Considering the effect of the 
molecular weight, laser power, temperature and instru- 
ment on the intensity of a Raman peak, we propose the 
area intensity (Si) of the Raman peak to estimate I i/Fj of 
the liquid component i in inclusions, and the value Si 

can be directly read out from the spectra. 
Note that the intensity or the area of the any special 

salt (i) increases with the analysis time, the ratio of 

2H O/iI I  and  changes a little (Table 1). In 

addition, a very clear link, the ratio of 
2H O/iS S

2H O/iI I  or 

 increasing with the concentration rather than 

the time or others, is evident. The significant informa-
tion from all experiments confirms that a model can be 

reasonably developed to derive the variation of ions 
salinity (Fig.6). Thus as a function of the negative ion 
concentration, the relative area of negative ion Raman 
peak to those of ice around 3104 cm

2H O/iS S

−1 is shown in Fig. 
6, in which five common negative ions (Cl−, , 

,  and ) are checked. According to 
the patter diagram, if we know the ion type and the 
area from the Raman spectra characteristic peak, the 

 band area ratio can be calculated to find out 

the negative ions concentration in unknown solution. 

2
4SO −

3NO− 2
3CO −

3HCO−

2H O/iS S

 
Fig. 6.  The interrelated curve of the  Raman band area ratio 

with the negative ion concentration in fluid inclusion. 
2H O/iS S

3  Application 

According to the inclusion petrology feature, the 
growth sequence of diagenetic cements from Silurian 
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Table 1  Results of Raman spectroscopy analysis for the H2O-NaCl system at −170℃ 

Concentration(wt%) Time (s) Si 2H OS  
2H O/iS S  Ii(3147) 

2H OI  
2H O/iI I  

10 5 3001 42153 0.071193 423 236 0.5579 
10 10 5563 76092 0.073109 621 346 0.5572 
10 20 10817 151132 0.071573 1207 673 0.5575 
10 30 19962 275930 0.072344 1833 1019 0.5559 
10 40 23307 328095 0.071037 2361 1321 0.5595 
10 60 34140 468713 0.072838 2988 1665 0.5572 

 
sandstone in the Tarim Basin is as follows: quartz 
growth of phase I (Fig. 7(a)), quartz growth of phase II 
(Fig. 7(b)), ferruginous dolomite (Fig. 7(c)), quartz 
cement (i.e. the cement in intergranular pore-space) 
(Fig. 7(d)), authigenic quartz (i.e. the crystal euhed-
dron in pore space (Fig. 7(e)) and calcite cement (Fig. 
7(f)). All the cements contain fluid inclusions. 

As shown below, both the freezing method and 
Raman scattering technique are used in the fluid inclu-
sion of the diagenetic cement in well TZ117. At first, 
the samples are cooled down to −170℃ in freezing 
room for the analysis of ion Raman spectrogram, and 
then heated to certain point to measure the parameters, 
namely the ice melting temperature and first melting 
temperature, which are commonly used to estimate the 
saline type and the salinity. 

All data from samples in TZ117 (Table 2) have led 
to the realization that the freezing method can just 
provide geologists with the whole salinity and the 
rough saline composition about the geological fluid, 
which may be thought as an aqueous solution com-
posed of one or two sorts of salt. 

As seen from Table 2, the first melting temperature 
from the quartz overgrowth phase II and ferruginous 
dolomite is −27℃ and −24.3℃ respectively, and their 
ice melting temperature is −7.4℃ and −7.7℃. Conse-
quently, the inclusions from different locations have 
approximately equal salinity of 11wt% so that the 
geological fluid is taken for a single kind of compo-
nent halide solution. 

However, based on Raman spectra (Figs. 8 and 9) 
and the model (Fig. 6), the molar concentration of 
negative ions can be determined by calculating the 

band area ratio. The detailed data induce that 

during the quartz overgrowth phase II stage, the geo- 
2H O/iS S

logical fluid is of high salinity with major carbonate 

and a lower amount of Cl−, , , etc. (Fig. 
9). 

2
4SO −

3HCO−

In short, the limited data from the freezing method 
show that the saline aqueous fluid from Silurian sand-
stone in the Tarim Basin only is chloride, whose salin-
ity varies during the diagenetic evolution, whereas the 
evolution of the same geological fluid is classified into 
4 stages with the help of the exactly qualitative and 
quantitative data using the Raman developed tech-
nique. 

Four stages of the geological fluid are discussed as 
follows (Table 2): 

1) In the first stage, the geological fluid which 
mainly contains chlorate with a little amount of sulfate 
and nitrate is of low salinity and quartz overgrowth of 
phase I is formed.  

2) In second stage, the complex geological fluid is 
such a high saline solution predominantly composed 
of carbonates that quartz overgrowth of phase II and 
ferruginous dolomite is formed. There are a lot of in-
clusions in both kinds of the diagenetic cements.  

3) And then, geological fluid with a lower salinity, 
which chiefly is chlorate, precipitates the clean quartz 
cement and later pure authigenic with a little of inclu-
sions in pore space. 

4) In the last stage, geological fluid is predomi-
nantly composed of carbonate with a high salinity so 
that a large number of calcite cements in which the 
inclusion salinity is as high as 22.2 mol% is formed. 

In terms of the example above, it suggests that 
quartz could be generated in the geological fluid 
mainly composed of chloride (quartz I) or carbonate 
(quartz II), whereas the carbonate mineral (such as 
dolomite, calcite, etc.) is formed in the geological fluid 
that contains mainly carbonate. It also seems quite 
clear that the geological fluid comprising simple salt 
with lower salinity usually produces single pure min- 
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Fig. 7.  Photomicrographs of the salt aqueous inclusions from Silurian sandstone in well TZ117. (a) the inclusion contained in quartz overgrowth I 
from sandstone , 4452 m. (b) the inclusion contained in quartz overgrowth II from sandstone , 4452 m. (c) the inclusion contained in ferruginous 
dolomite from the sandstone , 4433 m. (d) the inclusion contained in quartz cements from the sandstone , 4452 m. (e) the inclusion contained in 
authigenic quartz in pore space from the sandstone , 5592 m. (f) the inclusion contained in calcite cements from the sandstone , 4303 m. 
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eral, while the geological fluid comprising complex 
salts with high salinity might generally yield the mul-
tiple rock-forming minerals in which there are more 
impurity and inclusions. 

4  Conclusions 

A range of laboratory experiments prove that 
Raman spectra analysis of salt aqueous solution at 
−170℃ effectively eliminates the large and intense  

 
Table 2  Parameters of fluid inclusions in disgenetic cements from Silurian sandstone in Tarim Basin 

Freezing method Raman scattering technique 

Negative ion concentration (mol %) Diagenetic  
cements Sample 

number Tf(℃) Ti(℃) Salts Overall 
salinity (%) 

Sample 
number 2

4SO −  2
3CO −  3HCO−  3NO−  Cl−

Overall 
salinity (%)

Quartz overgrowth 
of phase I 2 −18 −1 NaCl 1.7 4 0.83 0 0 0.90 1.2 2.9 

Quartz overgrowth 
of phase II 8 −27 −8 NaBr 11 8 2.4 12 0.82 0 4.5 20 

Ferruginous dolo-
mite 15 −24 −8 NaCl 11 5 1.7 5.1 0.83 2.3 1.8 12 

Quartz cement 10 −16 −2 NaCl 
KCl 2.8 4 0.84 0 0 0 3.0 3.8 

Authigenic quartz 0     1 1.0 1.0 0.21 0 1.5 3.7 

Calcite cement 20 −40 −10 CaCl2 34 9 0.84 24 0.60 0 2.8 28 

 

 
 

Fig. 8.  Raman spectra of the salt aqueous inclusions from quartz overgrowth of phase II at −170℃. 
 

 
Fig. 9.  Raman spectra of the salt aqueous inclusions from ferruginous dolomite at −170℃. 
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envelope of water compound band, and obviously dis-
plays the characteristic peak of nCl−―[H+―OH−]n (i.e. 
3411 cm−1). Additionally, the experiments show that a 
positive correlation exists between the nCl−―[H+―

OH−]n band intensity and the concentration of chloride 
solution. The higher the molar concentration of nega-
tive ion, the stronger the ion intensity and the smaller 
the ice’s is. A number of data available from all kinds 
of experiments make it possible to build an interre-
lated curve of the  band area ratio with the 

negative ion concentration, which can be used to de-
rive the bulk composition of the negative ion in un-
known geological fluid. Finally, a good example from 
Silurian sandstone in the Tarim Basin gives a quite 
powerful demonstration for the method. In other 
words, the developed Raman spectroscopy analysis 
method at −170℃ could identify the ions type and 
measure its molar concentration and the whole salinity 
in fluid inclusion, so the related research will help the 
geologists to obtain more scientific information on the 
evolution of geological fluid during diagenetic history. 

2H O/iS S
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