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Abstract

:

The deep geothermal water found within Kaifeng City, Henan province, China, is mainly contained within a loose-pore geothermal reservoir in the Minghuazhen Formation (Neogene Period). To understand the role and composition of Dissolved Organic Matter (DOM) in geothermal water, water samples collected from 13 geothermal wells at different depths were studied using three-dimensional (3D) excitation-emission matrix-parallel factor (EEM-PARAFAC) analysis. Fluorescent components were analyzed according to depth, and DOM in geothermal water between 800 m and 1600 m was classified. The results show that the fluorescence index (FI), biological index (BIX), and humification index (HIX) of DOM differ among geothermal water from different thermal reservoirs. Based on these three indices, the humification degree of DOM in deep geothermal water in Kaifeng City is low and is mainly derived from an endogenous source, which is closely related to microbial activities in thermal reservoirs. The fluorescent components of DOM in geothermal water from depths less than 1200 m are mainly tryptophan, tyrosine, and fulvic acid-like. The fluorescent components of DOM in geothermal water from depths greater than 1200 m are more complex, with tryptophan, tyrosine, humic acid, and fulvic acid-like components. Therefore, the characteristics of DOM composition in the geothermal water from different reservoirs in Kaifeng can also be used to infer and explain that the quality of deep geothermal water has not been affected by human activities, and there is no obvious hydraulic connection between the geothermal water of each thermal reservoir.
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1. Introduction


Dissolved Organic Matter (DOM) is a complex mixture of organic molecules containing oxygen, nitrogen, and sulfur functional groups. DOM is widely distributed in various aqueous environments and plays an important role in aquatic ecosystems [1]. Therefore, understanding the distribution and composition of DOM in aqueous environments, and its impact on biogeochemical processes, is an important theme in environmental science research. In recent years, three-dimensional excitation-emission matrix (3DEEM) fluorescence spectroscopy has been widely applied to obtain fluorescence information for DOM, this method has several advantages including high sensitivity, applicability to small samples, simple preparation, and a short measurement time. The effectiveness of 3DEEM fluorescence spectroscopy has been demonstrated by numerous studies conducted in surface aquatic environments [2], including lakes [3,4], streams [5,6], and oceans [7,8,9], however, there have been very few studies on DOM in deep groundwater, especially geothermal water. Therefore, more research on DOM in deep geothermal water is required to improve the understanding of the variability in DOM therein in different thermal reservoirs and to help elucidate the hydraulic connections between thermal reservoirs.



Kaifeng City in Henan Province, China, is located in the center of the east Henan plain. There is abundant geothermal water in deep underground areas. The deep geothermal water found within Kaifeng City is an important natural mineral water resource containing a variety of microelements that are beneficial to human health; thus, it has been used intensively as a source of drinking water, bathing, and medical care applications since the early 1990s. Due to excessive exploitation of deep geothermal water in central urban areas, depleted water resources and water quality deterioration have been observed in recent years. DOM is a sensitive indicator of burial conditions, movement, chemical characteristics, and the geochemical environment, and is also very important in the chemical evolution of groundwater.



It is therefore important to study the composition of DOM in geothermal water at different depths, as this can serve as an indicator of changes in the geothermal water environment and provides a scientific basis for the rational development and utilization of geothermal water [10].



The 3DEEMs technique can provide qualitative information on DOM. To achieve this, a fluorescence intensity spectrum is projected onto the plane such that excitation and emission wavelengths are converted to vertical and horizontal coordinates in the form of contour lines [11,12]. However, due to the interference among the fluorescence peaks, there are some limitations when using 3DEEMs alone, and some fluorescence information cannot be fully interpreted, efficient analysis of 3DEEMs represents a significant challenge.



Parallel factor (PARAFAC) analysis is a statistical method based on an alternating least squares algorithm that has unique advantages [13]. PARAFAC is often used to decompose the 3DEEM spectra of DOM into several independent fluorescent components, and to estimate the relative contribution of each fluorescent component to the total DOM fluorescence [14,15]. PARAFAC is a powerful tool for separating and analyzing DOM components, and EEM-PARAFAC analysis has opened new routes to the evaluation of the composition, distribution, and dynamics of DOM in recent years [16,17,18]. The aims of this paper were to identify the composition, source, and distribution characteristics of DOM in deep pore geothermal water using 3DEEMs and PARAFAC analysis. This will aid in analyzing the effects of DOM on the ecological environment, and provide a foundation for understanding hydraulic connections in deep-buried porous geothermal water in Kaifeng City.




2. Materials and Methods


2.1. Sample Preparation and Spectral Analysis


According to existing research basis, the Neogene Minghuazhen (Nm) and Guantao (Ng) formations contain abundant geothermal water. Therefore, water samples were collected from these two strata in Kaifeng City, across a depth range of 800 to 1600 m. The area was divided into four thermal reservoirs at 200 m depth intervals, and at least two geothermal water samples were collected from each thermal reservoir. A total of 13 geothermal water samples were collected, including GW01, GW02, and GW03 from the thermal reservoir at 800 to 1000 m depth; GW04, GW05, GW06, and GW07 from 1000 to 1200 m depth; GW08, GW09, GW10, and GW11 from 1200 to 1400 m depth, and GW12, and GW13 from 1400 m to 1600 m depth. Each sample was collected from the outlet nearest to the geothermal well and water was discharged continuously until its temperature was stable. The geothermal water samples were collected into glass bottles that had been thoroughly cleaned with 10% hydrochloric acid and deionized water beforehand.



All geothermal water samples were transferred to the laboratory as soon as possible and filtered with a 0.45-μm filtration membrane. Then, the ultraviolet absorption spectra and three-dimensional (3D) fluorescence spectra of the filtrates were analyzed.




2.2. Experimental Method


2.2.1. Detection and Analysis


The 3DEEM spectra of the 13 geothermal water samples were determined using a fluorescence spectrophotometer (F-7000, Hitachi, Tokyo, Japan) equipped with a 150 W Xenon arc lamp light source. The slit widths for excitation and emission were set at 5 nm. The excitation wavelength was increased from 200 to 450 nm in 5 nm steps, and the emission wavelength was increased from 240 to 500 nm in 2 nm steps. Fluorescence data were processed using Origin software (Microcal, Inc., Northampton, MA, USA), and a contour map was produced.




2.2.2. Fluorescence Parameter Calculation


Based on the 3D fluorescence data, the fluorescence index (FI), biological index (BIX), and humification index (HIX) were calculated. The FI, which is the ratio of the fluorescence emission intensities at 450 and 500 nm at an excitation wavelength of 370 nm, can be used to analyze and characterize the source of DOM and is usually negatively correlated with the aromaticity of fulvic acid and provides an index thereof. When the FI is greater than 1.9, DOM mainly comes from endogenous sources with obvious autogenous characteristics, and when the FI is less than 1.4 DOM mainly comes from exogenous inputs, with relatively low endogenous contributions. The BIX is the ratio of fluorescence emission intensities at 380 and 430 nm, at an excitation wavelength of 310 nm, and mainly reflects the relative contributions of endogenous sources. When the value of the BIX is between 0.6 and 0.8, the contribution of endogenous sources to DOM is usually small; When the value of the BIX is between 0.8 and 1.0, there are more endogenous sources of DOM, and when the value of the BIX is greater than 1.0, the DOM mainly comes from endogenous sources and is newly generated. The HIX reflects the degree of humification of DOM. Higher HIX values indicate greater humification of DOM and vice versa. At an excitation wavelength of 254 nm, the HIX is given by the integral of the fluorescence intensity between 435 and 480 nm, divided by the sum of the integral of the fluorescence intensity between 300 and 345 nm and the integral of the fluorescence intensity between 435 and 480 nm.




2.2.3. PARAFAC Analysis


PARAFAC analysis is an effective method for decomposing EEM data into the underlying fluorescent components. There are two ways to apply PARAFAC analysis, the first is to create and validate a model based on a complete EEM dataset, as described in detail by C.A. Stedmon and Markager S et al. in 2003 [2]. The second is to verify the applicability of an already established PARAFAC model by fitting the EEMs. In this study, the first method was used. Briefly, a series of 3DEEMs were expressed as array X with dimensions I, J, and K, which was decomposed into score matrix A, load matrices B and C, and a residual matrix using the following mathematical equation:


   X  ijk   =   ∑  f F   c  if    b  jf    a  kf   +  δ  ijk          i  = 1 , ⋯ , I ; j = 1 , ⋯ , J ; k = 1 , ⋯ , K  








where Xijk is the fluorescence intensity of the ith sample at the kth excitation and jth emission wavelength, F is the number of components, akf are scores proportional to the concentration of the fth fluorescence component in the ith sample, bif and cif are estimates (loadings) of the emission and excitation spectra, respectively, for the fth fluorescence component, and σijk are the residual elements of the model. The values for akf, F, bjf, and cif are obtained by minimizing the sum of squared residuals (σ2ijk).



Three-dimensional EEMs data of 13 samples were analyzed using PARAFAC in the MATLAB software (Math Work, Inc., Natick, MA, USA) with the drEEM1.0 toolbox. Before applying the model, the EEM data were preprocessed to remove spectral effects such as Raman and Rayleigh Scattering. The fluorescence components were preliminarily determined by comparing the squared error curves of the excitation and emission spectra of different components. According to the above formula, it can be determined that the smoother the square error curves of the two groups, that is, the smaller the residual error is, the closer the PARAFAC model fits with the data. Reliability was verified by comparing the values of the nuclear functions among different component models (when the value of the nuclear function is less than 50%, the analytical results of PARAFAC models are usually considered unreasonable). Finally, the number of fluorescent components was determined for PARAFAC analysis.






3. Results and Discussion


3.1. Three-Dimensional Fluorescence Spectral Characteristics


The 3D fluorescence spectra of DOM were obtained for the four thermal reservoirs at depths of 800 to 1000 m, 1000 to 1200 m, 1200 to 1400 m, and 1400 to 1600 m, as shown in Figure 1. Protein-like fluorescence peaks appeared in the excitation/emission range of 220~250 nm/300~380 nm and 250~200 nm/300~ 380 nm in all four thermal reservoirs. Among the two thermal reservoirs, at a depth range of 1200 to 1400 m and 1400 to 1600 m, in addition to the protein-like fluorescence peaks, fulvic acid, and humic acid fluorescence peaks also appeared in the excitation/emission range of 220~250 nm/380~500 nm and 250~400 nm/380~500 nm. Therefore, the fluorescence substances in DOM in the geothermal water from the two thermal reservoirs at depth ranges of 800 to 1000 m and 1000 to 1200 m were mainly composed of protein-like components, while the fluorescence substances in DOM in geothermal water from the two thermal reservoirs at depth ranges of 1200 to 1400 m and 1400 to 1600 m contain fulvic acid and humic acid components, as well as protein-like components.




3.2. Analysis of Fluorescent Index Characteristics


Table 1 shows the FI, BIX, and HIX values of geothermal water in the four thermal reservoirs. As discussed above, the FI can be used to analyze and characterize the source of DOM. Generally, when the FI is greater than 1.9, DOM is mainly endogenous, showing obvious autogenic characteristics, and when the FI is less than 1.4, DOM is mainly derived from external sources.



As shown in Table 1, the FI of geothermal water samples from all four thermal reservoirs was greater than 1.9. Therefore, the DOM in deep geothermal waters in Kaifeng City is from an endogenous source, being mainly derived from microbial activities inside the thermal reservoir. The value of the BIX also reflects the relative contributions of endogenous sources. In general, the higher the value of the BIX, the greater the contribution of endogenous sources to DOM. As shown in Table 1, the BIX value of geothermal water in all four thermal reservoirs was greater than 1.0. It can be inferred that DOM in the deep geothermal water of Kaifeng City is mainly from autogenic sources, and is newly generated. In other words, these BIX values indicate that internal microbial activity is the main source of DOM in geothermal water, consistent with the results for the FI. The HIX reflects the degree of DOM humification, and higher values indicate greater humification. As shown in Table 1, the HIX values of geothermal water in all four reservoirs were small (<1.0), and the minimum value was just 0.20. Therefore, the degree of humification of DOM in deep geothermal water in Kaifeng City is very low.



Figure 2 shows the variation in characteristic fluorescence parameters of DOM in geothermal water samples from the four thermal reservoirs (800~1000 m, 1000~1200 m, 1200~1400 m, and 1400~1600 m). It can be seen that the FI, BIX, and HIX values of DOM in geothermal water differ among these four thermal reservoirs. The average value of FI showed very little difference among the four thermal reservoirs, although the FI value of the reservoir between 1200 and 1400 m was slightly lower than that of the other three thermal reservoirs. The BIX values of the two thermal reservoirs, with a depth greater than 1200 m, were significantly lower than those of the two shallower reservoirs, indicating that the DOM in the shallower thermal reservoirs have more obvious autogenic characteristics. In general, as the depth increased, the contribution of self-generated sources to DOM increased slightly, and then decreased. Figure 2 shows that the HIX value of DOM in the four thermal reservoirs (800~1000 m, 1000~1200 m, 1200~1400 m, and 1400~1600 m) increased gradually, indicating greater humification of DOM in deeper geothermal water.




3.3. Fluorescence Components of DOM in Geothermal Water


It can be seen from Figure 1 that there is a distinct difference between the 3D fluorescence spectra of geothermal water between depths greater than 1200 m and less than 1200 m. Therefore, the 3D fluorescence spectra of waters from these two depth sections were analyzed in terms of the fluorescence components of DOM.



3.3.1. Depth Less Than 1200 m


First, the 3D fluorescence data of seven geothermal water samples, GW01-GW07, were imported into MATLAB2014a. Roman and Rayleigh scattering were eliminated, and a fluorescence matrix was constructed conforming to trilinear theory. Then, using the drEEM1.0 Matlab toolbox, PARAFAC was performed to calculate the kernel function of different component models, as well as the sum of squared errors of the excitation and emission spectra. The calculation results showed that the kernel function values of the two- and the three-component models were 81.38% and 77.48%, respectively, which indicates reasonable model fit, while the kernel function values of the four- and the five-component models were −6.44% and 14.60%, respectively, as these values were far below 50%, the model fit to the data was insufficient. As shown in Figure 3, when the number of model components increases from 2 to 5, the curve of the sum of squared errors of the excitation and emission spectrum changes, while when the number of components increases from 5 to 6, the curve decreases slightly. After combining the results of the sum of squared errors and nuclear analysis, a three-component PARAFAC model was used to analyze the 3D fluorescence spectra of DOM in the geothermal water from depths of less than 1200 m. The classification results are shown in Figure 4.



As shown in Figure 4, comp 1, a fluorescent component, has two excitation peaks and one emission peak, corresponding to low- and high-excitation tryptophan-like fluorescence peaks with excitation/emission wavelengths of 230/340 nm and 280/340 nm, respectively. Comp 2 has two excitation peaks and two emission peaks, corresponding to a fulvic acid-like fluorescence peak and a humic acid-like fluorescence peak, with excitation/emission wavelengths of 260/370 nm and 300/370 nm, respectively. The last fluorescent component, comp 3, has an excitation peak and an emission peak (the high-excitation tyrosine fluorescence peak), with an excitation/emission wavelength of 270/290 nm.




3.3.2. Depth Greater Than 1200 m


A total of 12 3D fluorescence datasets, for geothermal water samples GW08-GW13, were imported into MATLAB 2014a. Roman and Rayleigh scattering were eliminated and a fluorescence matrix was constructed. The results of kernel function analysis showed that the kernel function values of the two-, three-, and four-component models were 88.63%, 60.64%, and 37.97%, respectively, indicating that the two- and three-component models fitted the data reasonably well. The sum of squared error curves of the excitation and emission spectra of the different component models are shown in Figure 5. The curve of the sum of squared errors of the excitation spectrum and emission spectra decreases dramatically when the number of components of the model increases from 3 to 4, indicating that the fit of the four-component model was better than that of the three-component model. Therefore, the four-component PARAFAC model was used for the analysis of the 3D fluorescence spectrum of DOM in the geothermal water from depths greater than 1200 m. The classification results are shown in Figure 6.



As shown in Figure 6, the fluorescent components Comp 1, Comp 2, and Comp 3 all have two excitation peaks and one emission peak, but with different excitation/emission wavelengths. Comp 1 has two fluorescence peaks, corresponding to low- and high-excitation tryptophan-like fluorescence peaks. However, the center of the fluorescence peak is slightly shifted, and the excitation/emission wavelengths of the center are 230/330 nm and 270/330 nm, respectively. Comp 2 also has two fluorescence peaks, and the corresponding excitation/emission wavelengths are 240/350 nm and 280/350 nm, respectively, which indicates a tryptophan-like fluorescence peak and a soluble microbial metabolite fluorescence peak, respectively. Similarly, Comp 3 also has two fluorescence peaks, with excitation/emission wavelengths of 270/420 nm and 340/420 nm, which indicates humic acid-like fluorescence peaks. The last fluorescence component, Comp 4, has one excitation peak and one emission peak, with excitation/emission wavelengths of 270/280 nm, which indicates a tyrosine-like fluorescence peak.





3.4. Discussion


According to 3DEEMs of geothermal water, the fluorescence intensity of DOM is not generally high, and there is a significant difference in the center position of the fluorescence peak. There is some information may not be recognized because of the superimposition of fluorescence peaks. To further explore the composition and the origin of DOM in Kaifeng geothermal water, the parallel factor analysis method is used to maximize the extraction and utilization of three-dimensional fluorescence data. The composition of DOM was finally successfully identified. Compared with compositions of DOM in the geothermal water from five reservoirs, it is clear that, tryptophan-like, tyrosine-like, and soluble microbial metabolites are the components of DOM. Combining three indices, FI, BIX, and HIX, the humification degree of DOM in deep geothermal water in Kaifeng City is low. Considering the buried depth of geothermal water, it can be considered that the geothermal water has not been polluted by exogenous organic matter, that is, DOM in geothermal water is mainly derived from endogenous sources, which is closely related to microbial activities in thermal reservoirs.





4. Conclusions


(1) The 3D fluorescence spectra of DOM in geothermal water samples obtained from the same thermal reservoir in Kaifeng City were similar, but the 3D fluorescence spectra of the DOM were different, indicating differences in the content and composition of fluorescent substances in DOM in geothermal water from different depths, and these differences were more obvious at depths greater than 1200 m.



(2) Through analysis of three fluorescence characteristic indices of DOM in the geothermal water from four thermal reservoirs (800 to 1000 m, 1000 to 1200 m, 1200 to 1400 m, and 1400 to 1600 m), it was found that DOM in deep geothermal water in Kaifeng City had a relatively low degree of humification, and was mainly from endogenous sources (microbial activities in the thermal reservoir). Moreover, the FI, BIX, and HIX values of DOM in geothermal water differed among the thermal reservoirs.



(3) A PARAFAC model was used to characterize and classify DOM in geothermal water in deep multi-thermal reservoirs in Kaifeng City. The results showed that the fluorescent substances in DOM in geothermal water from depths of less than 1200 m mainly consisted of three fluorescent components: tryptophan-like, tyrosine-like, and soluble microbial metabolites. However, the composition of fluorescent substances in DOM in geothermal water from depths of greater than 1200 m is more complicated, including four main fluorescent substances: tryptophan-like, tyrosine-like, soluble microbial metabolites, and fulvic acid-like.



(4) Based on the above analysis, there are certain similarities in the composition of DOM in geothermal water from the same thermal reservoir, while there are certain differences in the composition of DOM in geothermal water from different thermal reservoirs, showing certain regularity in the vertical direction. Therefore, it can be inferred that there is no obvious hydraulic connection between the geothermal water of each thermal reservoir.
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Figure 1. Three-dimensional fluorescence spectra of Dissolved Organic Matter (DOM) in geothermal water from different reservoirs. 
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Figure 2. Dissolved organic matter (DOM) fluorescence spectra parameters (FI: fluorescence index, BIX: biological index, HIX: humification index) in geothermal water from different reservoirs. 
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Figure 3. The sum of squared error of the three-dimensional excitation-emission matrix (3DEEM) fluorescence spectroscopy excitation and emission spectra for geothermal water from a depth of less than 1200 m. 
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Figure 4. Excitation-emission matrices (EEMs) and excitation and emission spectrum loadings of three fluorescence components from the parallel factor (PARAFAC) model of geothermal water from depths less than 1200 m. 
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Figure 5. The sum of squared error of the excitation spectrum and emission spectra. 
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Figure 6. Excitation-emission matrices (EEMs), excitation, and emission spectrum loadings of four fluorescence components derived from a parallel factor (PARAFAC) model of geothermal water from depths greater than 1200 m. 
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Table 1. Fluorescence index (FI), biological index (BIX), and humification index (HIX) of geothermal water in different reservoirs.
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Depths

	
Geothermal Well

	
FI

	
BIX

	
HIX






	
800~1000 m

	
GW01

	
1.91

	
1.29

	
0.35




	
GW02

	
2.83

	
2.54

	
0.20




	
GW03

	
2.56

	
1.64

	
0.30




	
Average

	
2.43

	
1.82

	
0.29




	
1000~1200 m

	
GW04

	
2.58

	
1.25

	
0.30




	
GW05

	
2.32

	
2.05

	
0.24




	
GW06

	
3.06

	
2.38

	
0.32




	
GW07

	
2.10

	
2.26

	
0.34




	
Average

	
2.52

	
1.98

	
0.30




	
1200~1400 m

	
GW08

	
2.11

	
1.35

	
0.67




	
GW09

	
2.09

	
1.26

	
0.45




	
GW10

	
2.13

	
1.16

	
0.51




	
GW11

	
2.07

	
1.20

	
0.58




	
Average

	
2.10

	
1.24

	
0.55




	
1400~1600 m

	
GW12

	
2.63

	
1.08

	
0.45




	
GW13

	
2.26

	
1.15

	
0.67




	
Average

	
2.44

	
1.12

	
0.56
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