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Abstract: Dissolved organic matter (DOM) plays an important role in the chemical evolution
of groundwater. Thus, in order to understand the composition and characteristics of DOM in
groundwater, analyzed 31geothermal water samples from five aquifers (i.e., between 600 m and
1600 m) in the city of Kaifeng were analyzed and the results were compared in order to clarify their
spatial distribution, characteristics, sources, and environmental influences. Results show that as the
depth of a thermal reservoir increases, the ultraviolet absorption (UV254) of geothermal water does not
change significantly, the concentration of dissolved organic carbon (DOC) gradually increases with
depth, and the fluorescence intensity of DOM remains weak. Some differences are also evident with
regard to the location and intensity of geothermal water sample DOM fluorescence peaks depending
on thermal reservoir. The results of this study show that the main source of DOM in geothermal
water is endogenous, derived from high stability organic matter derived from sedimentary processes
and associated microbial activity. Within the three geothermal reservoir depth ranges, 600 m to 800 m,
800 m to 1000 m, and 1000 m to 1200 m, DOM components were mainly protein-like as well as soluble
microbial metabolites. However, at deeper depths, within the 1200 m to 1400 m and 1400 m to 1600 m
thermal reservoirs, the proportion of protein-like components in DOM decreased, while the ratio
fulvic-like and humic-like components increased, leading to changes in the positions of fluorescence
peaks. Finally, our results demonstrate a close relationship between the intensity of fluorescence
peaks, suggesting that a number of fluorescent components may share a common source.

Keywords: geothermal water; dissolved organic matter; three-dimensional fluorescence spectroscopy;
fluorescence intensity

1. Introduction

Dissolved organic matter (DOM) plays an important role in aquatic ecosystems and is widely
distributed in various aqueous environments [1–3]. Understanding the distribution and composition
of DOM across a range of environments is a key theme in environmental science research [4–6].
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DOM is generally defined as soluble organic matter through filtration. The size limit, which is used
to differentiate DOM from particulate organic matter is somewhat arbitrary, is between 0.2 µm
and 0.7 µm [7], but there is an almost universal consensus that it is around 0.45 µm. DOM is
comprised of a complex mixture of humic and fulvic acids, as well as a variety of hydrophilic organic
acids, amino acids, and other components [8]. DOM is very important to the chemical evolution of
groundwater [9], and is a sensitive indicator of burial conditions, movement, chemical characteristics,
and the geochemical environment of groundwater [10–12].

Dissolved organic carbon (DOC) is an important constituent of groundwater DOM [13,14].
As an important electron donor in biological metabolism, DOC plays a very important role in
biogeochemical groundwater reactions and its concentration is commonly used to quantitatively
characterize DOM [15,16]. However, because DOM is more complex than DOC in terms of chemical
composition and structure [17], it has proved very difficult to completely separate and quantify all of its
components using traditional methods of analysis. One commonly used technique, three-dimensional
(3D) fluorescence spectroscopy, can provide qualitative information, and has the advantages that it is
both highly sensitive and simple to operate [18–20]. Thus, this method has been widely applied to
characterize both the chemical composition and sources of aqueous DOM, including in oceans [21],
rivers [22–24], and lakes [25,26]. To achieve this, a fluorescence intensity spectrum is projected
onto plane such that excitation and emission wavelengths are converted to vertical and horizontal
coordinates in the form of contour lines. Thus, via analysis of fluorescence spectra, the distribution,
composition, and origin of DOM can be determined based on peak positions, number, and fluorescence
intensity [27–30]. However, to our knowledge, just a handful of reports [31,32] have applied this
approach to the study of DOM in groundwater, and most of the groundwater samples come from
shallow groundwater, almost no deep groundwater, and especially no deep geothermal water.

The deep geothermal water found within the city of Kaifeng, Henan province, China,
contains a variety of microelements that are beneficial to human health, and is thus an ideal natural
mineral water for drinking, bathing, and medical care [33,34]. In recent years, however, due to the
excessive exploitation of these deep geothermal water resources in central urban areas, there has been
a reduction in both water quality and production volume [35,36]. Thus, it is important to understand
the composition of DOM in geothermal water at different depths, not just because this will allow
us to characterize different geothermal environments on the basis of the chemical characteristics of
different reservoirs, but also to inform the future rational development and utilization of this resource.
The aim of this study was therefore to determine distributional characteristics of DOM in the vertical
gradient, as well as the factors that influence the accumulation and concentrations of DOC using 3D
fluorescence spectra.

2. Materials and Methods

2.1. Study Area

The city of Kaifeng in Henan Province is located in the center of the east Henan plain, an area
that encompasses about 362 km2. Existing geothermal columnar borehole data show that the
lithologies in this region are predominantly Quaternary and Neogene in age and are comprised
of fine and medium-fine sands and clays that have thicknesses up to about 2000 m [37]. These
lithological units overlap one another across this region and form a range of rock formations that
contain both aquifers and aquicludes. In particular, the Neogene Minghuazhen (Nm) and Guantao
(Ng) formation contain abundant geothermal water [38,39]. As this region is also characterized by
high temperature anomalies, the geothermal gradient is generally in the range 3.20 ◦C/100 m to
3.60 ◦C/100 m (average: 3.39 ◦C/100 m) [40], while on the basis of the burial conditions of geothermal
water, hydraulic characteristics, and exploitation, geothermal reservoirs below 600 m within the city of
Kaifeng can be subdivided into seven distinct reservoir ranges, between 600 m and 800 m, 800 m and
1000 m, 1000 m and 1200 m, 1200 m and 1400 m, 1400 m and 1600 m, 1600 m and 1800 m, and 1800 m
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and 2000 m. These reservoirs are usually separated from one another by a layer or more than 20 m of
clay or shale layer; however, these Kaifeng features are unusual because while there tends to be a close
hydraulic connection to geothermal water within the same structure, there is no significant connection
to different reservoirs.

2.2. Sample Collection and Treatment

Because the main depth range of geothermal water that is currently exploited in Kaifeng is between
600 m and 1600 m, 31 samples from five geothermal reservoirs (i.e., between 600 m and 800 m, 800 m
and 1000 m, 1000 m and 1200 m, 1200 m and 1400 m, and 1400 m and 1600 m), were collected for this
study, all from different wells. Sampling was carried out between 12 March 2015 and 14 March 2015.
The locations of sampling wells are shown in Figure 1.

Water 2017, 9, 266  3 of 13 

 

water, hydraulic characteristics, and exploitation, geothermal reservoirs below 600 m within the city 
of Kaifeng can be subdivided into seven distinct reservoir ranges, between 600 m and 800 m,800 m 
and 1000 m, 1000 m and 1200 m, 1200 m and 1400 m, 1400 m and 1600 m, 1600 m and 1800 m, and 
1800 m and 2000 m. These reservoirs are usually separated from one another by a layer or more 
than 20 m of clay or shale layer; however, these Kaifeng features are unusual because while there 
tends to be a close hydraulic connection to geothermal water within the same structure, there is no 
significant connection to different reservoirs. 

2.2. Sample Collection and Treatment 

Because the main depth range of geothermal water that is currently exploited in Kaifeng is 
between 600 m and 1600 m, 31 samples from five geothermal reservoirs (i.e., between 600 m and 800 
m, 800 m and 1000 m, 1000 m and 1200 m, 1200 m and 1400 m, and 1400 m and 1600 m), were 
collected for this study, all from different wells. Sampling was carried out between 12 March 2015 
and 14 March 2015. The locations of sampling wells are shown in Figure 1. 

 
Figure 1. Location of geothermal well in study area. 

As geothermal water samples were collected, a number of physical and chemical indicators 
were also measured, including temperature (T), pH, electrical conductivity (EC), and total dissolved 
solids (TDS) (see Table 1). All samples were sealed immediately and sent to the laboratory as soon as 
possible for further analysis. Later, samples were filtered through a 0.45 μm membrane, and the 
resultant filtrate was preserved in a refrigerator at low temperature. Ultraviolet absorption (UV254) 
measurements at the 254 nm wavelength were determined using a 2600UV/VIS spectrophotometer 
(Shimadzu, Kyoto, Japan), and DOC was measured using Vario TOC (Elementar, Hanau, Germany). 
The results of this analysis are presented in Table 1. 

Table 1. Water quality characteristics of all geothermal water samples. 

Thermal 
Reservoir 

(m) 

Well 
Location 

Well 
Depth (m) 

Stratum 
Temperature 

(°C) 
pH 

Value 
EC 

(μs/cm) 
TDS 

(mg/L) 
UV254 

(cm−1) 
DOC 

(mg/L) 
SUVA 

(L/m·mg) 

600–800 m 

Well No. 1 626 Nm 34.0 8.13 855 589 0.024 4.561 0.526 
Well No.2 799 Nm 45.0 8.27 875 603 0.018 6.919 0.260 
Well No.3 804 Nm 45.0 8.31 887 611 0.011 6.541 0.168 
Well No.4 803 Nm 42.0 8.16 900 621 0.002 6.534 0.031 
Average 

value 
  41.5 8.22  879  606 0.014  6.139 0.228 

800–1000 m 
Well No.5 950 Nm-Ng 48.0 8.22 875 603 0.004 7.098 0.056 
Well No.6 1001 Nm 48.0 8.19 854 588 0.005 6.731 0.074 

Figure 1. Location of geothermal well in study area.

As geothermal water samples were collected, a number of physical and chemical indicators were
also measured, including temperature (T), pH, electrical conductivity (EC), and total dissolved solids
(TDS) (see Table 1). All samples were sealed immediately and sent to the laboratory as soon as possible
for further analysis. Later, samples were filtered through a 0.45 µm membrane, and the resultant filtrate
was preserved in a refrigerator at low temperature. Ultraviolet absorption (UV254) measurements at
the 254 nm wavelength were determined using a 2600UV/VIS spectrophotometer (Shimadzu, Kyoto,
Japan), and DOC was measured using Vario TOC (Elementar, Hanau, Germany). The results of this
analysis are presented in Table 1.

Table 1. Water quality characteristics of all geothermal water samples.

Thermal
Reservoir (m) Well Location Well

Depth (m) Stratum Temperature
(◦C)

pH
Value

EC
(µs/cm)

TDS
(mg/L)

UV254
(cm−1)

DOC
(mg/L)

SUVA
(L/m·mg)

600–800 m

Well No. 1 626 Nm 34.0 8.13 855 589 0.024 4.561 0.526
Well No.2 799 Nm 45.0 8.27 875 603 0.018 6.919 0.260
Well No.3 804 Nm 45.0 8.31 887 611 0.011 6.541 0.168
Well No.4 803 Nm 42.0 8.16 900 621 0.002 6.534 0.031

Average value 41.5 8.22 879 606 0.014 6.139 0.228

800–1000 m

Well No.5 950 Nm-Ng 48.0 8.22 875 603 0.004 7.098 0.056
Well No.6 1001 Nm 48.0 8.19 854 588 0.005 6.731 0.074
Well No.7 1000 Nm 47.0 8.18 874 601 0.004 6.841 0.058
Well No.8 1087 Ng 53.5 8.08 996 688 0.004 7.369 0.054
Well No.9 1000 Nm 40.0 8.18 854 587 0.005 7.209 0.069

Average value 47.3 8.17 891 613 0.004 7.050 0.057
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Table 1. Cont.

Thermal
Reservoir (m) Well Location Well

Depth (m) Stratum Temperature
(◦C)

pH
Value

EC
(µs/cm)

TDS
(mg/L)

UV254
(cm−1)

DOC
(mg/L)

SUVA
(L/m·mg)

1000–1200 m

Well No.10 1202 Nm 51.0 8.18 969 670 0.004 8.305 0.048
Well No.11 1250 Ng 53.0 8.19 876 603 0.005 9.788 0.051
Well No.12 1205 Ng 52.5 8.21 911 627 0.003 10.362 0.029
Well No.13 1254 Nm 53.5 8.10 1224 858 0.004 11.754 0.034
Well No.14 1139 Nm-Ng 57.0 7.58 1278 897 0.016 10.471 0.153
Well No.15 1201 Nm 55.0 8.08 1064 739 0.003 9.731 0.031
Well No.16 1206 Ng 54.0 8.26 875 602 0.005 8.953 0.056
Well No.17 1251 Nm 53.0 8.18 1107 771 0.007 8.602 0.081
Well No.18 1200 Nm 52.0 8.12 948 655 0.005 9.697 0.052
Well No.19 1200 Nm 50.5 8.04 1038 720 0.004 10.279 0.039
Well No.20 1200 Nm 54.0 7.91 1030 714 0.002 10.818 0.018

Average value 53.2 8.08 1029 714 0.005 9.887 0.051

1200–1400 m

Well No.21 1350 Ng 50.0 9.33 1184 827 0.005 9.331 0.054
Well No.22 1380 Ng 55.0 7.96 1160 809 0.005 9.296 0.054
Well No.23 1350 Ng 56.0 8.00 1024 711 0.005 9.881 0.051
Well No.24 1363 Ng 63.0 8.02 1281 899 0.011 9.241 0.119
Well No.25 1354 Ng 66.0 7.92 1263 886 0.006 11.825 0.051
Well No.26 1350 Ng 56.0 8.00 1180 824 0.004 9.585 0.042
Well No.27 1370 Ng 57.0 8.11 1168 815 0.008 10.493 0.076

Average value 57.6 8.19 1180 824 0.006 9.950 0.060

1400–1600 m

Well No.28 1635 Ng 70.0 7.74 1407 993 0.102 10.776 0.947
Well No.29 1627 Ng 61.0 7.79 1309 919 0.014 10.966 0.128
Well No.30 1620 Ng 64.0 7.90 1205 843 0.007 9.889 0.071
Well No.31 1638 Ng 65.0 7.43 3470 2640 0.004 11.484 0.035

Average value 65.0 7.72 1848 1349 0.032 10.779 0.297

Notes: EC: Electrical conductivity; TDS: Total dissolved solids; UV254: Ultraviolet absorption; DOC:
Dissolved organic carbon; SUVA: Specific UV absorbance; Nm: Neogene Minghuazhen; Ng: Neogene Guantao.

2.3. Determination and Analysis of Fluorescence Spectra

All three-dimensional excitation-emission matrix spectroscopy(3DEEMs) of DOM were
determined using a fluorescence spectrophotometer (HITACHI F-7000, Tokyo, Japan) equipped
with a 150 W Xenon arc lamp light source, set at a scanning speed of 1200 nm/min at laboratory
temperature (22.0 ± 2◦C). The slit widths for excitation and emission were set at 5 nm, while the
excitation wavelength was increased from 200 nm to 450 nm in 5 nm steps, and the emission
wavelength was increased from 240 nm to 500 nm in 2 nm steps. During determination, the spectra
of each sample were subtracted from the fluorescence response of a blank solution (distilled water)
to minimize the influence of Rayleigh and Raman scattering. Fluorescence spectrum data were
then processed using the Origin software (Electronic Arts, Redwood City, CA, USA), and a contour
map was produced. The fluorescence regional integration method [41–43] was then applied for
the further quantitative analysis of 3D spectra; to do this, the 3D fluorescence area was divided
into five parts (i.e., excitation/emission set to 220 nm to 250 nm/280 nm to 330 nm, 220 nm to
250 nm/330 nm to 380 nm, 220 nm to 250 nm/380 nm to 500 nm, 250 nm to 280 nm/280 nm to 380 nm,
and 250 nm to 400 nm/380 nm to 500 nm). The integral volumes of the five fluorescence regions
(Φi), the total fluorescence intensity integral volume (TOT), and the proportion of the total integral
volume in each fluorescence region (Pi) were then calculated, while the DOM source was analyzed
and characterized using the fluorescence emission spectra index, f450/500. In other words, when the
excitation wavelength is 370 nm, the intensity ratio of fluorescence emission spectrum is 450 nm and
500 nm. Previous research [44,45] has shown that f450/500 can be used to characterize DOM source and
is usually negatively correlated with the volume of aromatic fulvic acid.

3. Results and Discussion

3.1. Detection Index

The resultant changes in a number of indicators (i.e., T, pH, EC, TDS, DOC, and UV254) from
geothermal water samples relative to well depth are shown in Figure 2. These results show that,
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as depth increases, so do T, EC, and TDS, and the latter two significantly correlated (correlation
coefficient: 0.9997). At the same time, pH changes in the range 7.43 to 9.33, indicating that
all geothermal water samples are alkaline, and that as depth increases, pH decreases (Figure 2).
Results show that the concentrations of DOC in water samples from the 1200 m to 1400 m depth
geothermal reservoir exhibit the largest variations; this is because this structure encompasses
a change in lithology as it is located at the boundary between the Neogene Nm and Ng formations.
DOC concentrations in geothermal water from other reservoirs do not show such marked changes
because they are comprised from consistent lithologies.
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Figure 2. Changes of several parameters with well depth. (a) Changes of temperature with well depth;
(b) Changes of pH value with well depth; (c) Changes of electrical conductivity (EC) with well depth;
(d) Changes of total dissolved solids (TDS) with well depth; (e) Changes of specific UV absorbance
(SUVA) with well depth; (f) Changes of dissolved organic carbon (DOC) with well depth.

In general, this data show that UV254 values from all geothermal water samples do not vary
significantly even though they come from different reservoirs. This result indicates that the UV
absorbance of geothermal water in each thermal reservoir is quite similar. In addition, specific UV
absorbance (i.e., SUVA = UV254 × 100/DOC), which influences DOM type, can be reflected to a certain
extent by the content of aromatic and unsaturated organic compounds [46,47]. Calculations show that
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SUVA values for all of the geothermal water samples are below 1.0 L/ (mg m); these generally low
values suggest that the DOM in Kaifeng deep geothermal water is mainly hydrophilic and of smaller
molecular weight, with low aromaticity. This should be related to microbial activity.

3.2. Fluorescence Peak Position

Three-dimensional fluorescence spectra for DOM from some typical Kaifeng geothermal water
samples are shown in Figure 3. These results highlight some key differences in DOM fluorescence
peak positions. For example, DOM fluorescence peaks for samples from depths between 600 m
and 800 m and 800 m and 1000 m are mainly distributed in three regions, I (i.e., tryptophan-based
aromatic proteins; EX (Excitation Wavelength)/EM (Emission Wavelength) = 220 nm to 250 nm/280 nm
to 330 nm); II (i.e., trrosine-based aromatic proteins EX/EM = 220 nm to 250 nm/330 nm to
380 nm); and IV (i.e., soluble microbial metabolites; EX/EM = 250 nm to 280 nm/280 nm to 380 nm)
(See Figure 3a,b). In addition, DOM fluorescence peak center positions for two of the thermal reservoirs
are located near EX/EM = 230 nm/340 nm and near EX/EM = 280 nm/340 nm. These fluorescence
peaks correspond to proteins and soluble microbial metabolites.
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between 1400 m and 1600 m. 
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these three thermal reservoirs are different. For example, the DOM of geothermal water from the 
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= 230 nm/340 nm and EX/EM = 280 nm/340 nm, respectively. These correspond to fluorescence peaks 
for proteins and soluble microbial metabolites. At the same time, DOM of geothermal water from the 
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DOM of geothermal water from the 1400 m to 1600 m reservoir exhibits just one fluorescence center, 
located near EX/EM = 270 nm/400 nm, corresponding to humic acid. 

3.3. Fluorescence Peak Intensity 

These results show that the fluorescence intensity (FI) of DOM is not generally high (Figure 3). 
Indeed, comparisons of DOM fluorescence peak intensities from each thermal reservoir show that 
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1000 m depth were compared. The results clearly show that, although the peak FI of the latter is 
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Figure 3. Three-dimensional excitation-emission matrix (EX, EM) fluorescence spectroscopy of
dissolved organic matter (DOM) in typical water samples from each geothermal reservoir in Kaifeng.
(a) Three-dimensional excitation-emission matrix fluorescence spectroscopy of DOM in water samples
from depths between 600 m and 800 m; (b) Three-dimensional excitation-emission matrix fluorescence
spectroscopy of DOM in water samples from depths between 800 m and 1000 m; (c) Three-dimensional
excitation-emission matrix fluorescence spectroscopy of DOM in water samples from depths between
1000 m and 1200 m; (d) Three-dimensional excitation-emission matrix fluorescence spectroscopy
of DOM in water samples from depths between 1200 m and 1400 m; (e) Three-dimensional
excitation-emission matrix fluorescence spectroscopy of DOM in water samples from depths between
1400 m and 1600 m.

DOM fluorescence peak results for the three thermal reservoirs at depths between 1000 m and
1200 m, 1200 m and 1400 m, and 1400 m and 1600 m are mainly distributed in a total of five regions
(see Figure 3c–e). In addition to the three discussed above, there are III (i.e., hydrophobic fulvic
acids; EX/EM = 220 nm to 250 nm/380 nm to 500 nm), and V (i.e., humic acids; EX/EM = 250 nm to
400 nm/380 nm to 500 nm). These results also show that DOM fluorescence peak center positions
for these three thermal reservoirs are different. For example, the DOM of geothermal water from
the 1000 m to 1200 m deep reservoir exhibits two fluorescence centers, located in the vicinities
of EX/EM = 230 nm/340 nm and EX/EM = 280 nm/340 nm, respectively. These correspond to
fluorescence peaks for proteins and soluble microbial metabolites. At the same time, DOM of
geothermal water from the 1200 m to 1400 m reservoir also exhibits two fluorescence centers, located in
the vicinity of EX/EM = 230 nm/340 nm and EX/EM = 270 nm/400 nm, respectively. These correspond
to fluorescence peaks for proteins and humic acid. Finally, compared with the two thermal reservoirs
discussed above, the DOM of geothermal water from the 1400 m to 1600 m reservoir exhibits just one
fluorescence center, located near EX/EM = 270 nm/400 nm, corresponding to humic acid.

3.3. Fluorescence Peak Intensity

These results show that the fluorescence intensity (FI) of DOM is not generally high (Figure 3).
Indeed, comparisons of DOM fluorescence peak intensities from each thermal reservoir show that
these have undergone some changes as depth increases.
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The fluorescence spectra for the thermal reservoirs between 600 m and 800 m and 800 m and
1000 m depth were compared. The results clearly show that, although the peak FI of the latter is
slightly higher than that of the former, the position of the fluorescence peaks is substantially the
same as the previous analysis, suggesting that the composition and sources of DOM are basically the
same in the depth range 600 m to 1000 m. However, as depth increases, so does the concentration of
DOM, consistent with the earlier results that DOC concentration increases with depth. Comparing
the fluorescence spectra from reservoirs in the depth ranges 800 m to 1000 m and 1000 m to 1200 m
shows that while FI has weakened somewhat, the scope of the fluorescent region has increased, but the
position of the fluorescence peaks remains consistent, indicating that the main source of DOM in these
two geothermal reservoirs is substantially the same. In addition, as depth increases, the composition
of DOM also changes and several new trace elements are seen for the first time. Thus, by comparing
the spectra of samples from reservoirs in the 1000 m to 1200 m and 1200 m to 1400 m depth ranges,
it is clear that fluorescence centers are located in different positions, indicating significant changes in
DOM components. Finally, sample spectra from reservoirs in the 1200 m and 1400 m and 1400 m and
1600 m depth ranges reveal fluorescence centers in the same positions that are only enhanced slightly
as depth increases.

To further explore the composition and origin of DOM in Kaifeng geothermal water,
the fluorescence peak intensities of 31 samples across the five fluorescence regions were subjected
to correlation analysis. In this paper, the Pearson correlation coefficient was used. First of all,
the maximum fluorescence detection signals of the above five regions (i.e., FI(I), FI(II), FI(III), FI(IV),
FI(IV)) were identified from the fluorescence spectra of 31 geothermal water samples respectively,
constituting a set of data, including 31 rows and 5 columns. Then the Pearson correlation coefficient
for any two columns in this set of data were calculated, the results of which are shown in Table 2.
The results of this analysis demonstrate the presence of significant correlations between peak FI in the
five regions, especially the two protein-like fluorescence peaks located in regions I and II, as well as
the peaks in regions III and V. The correlation coefficient of FI(I) and FI(II) reached 0.9197, while the
correlation coefficient of FI(III) and FI(V) was 0.9726. These results indicate homology in DOM
components, mainly derived from higher stability organisms that remain intact in rocks following
the processes of geological deposition and microbiological activity. In addition, values for f450/500 can
also be used to characterize DOM sources. On the basis of previous research, f450/500 values of DOM
derived from terrestrial versus and biological sources are 1.4 and 1.9, respectively. Calculations show
that f450/500 values of DOM for Kaifeng geothermal water range between 1.803 and 2.841. Because these
values are close to 1.9, these data also suggest that the DOM in these geothermal reservoirs is derived
from biological sources.

Table 2. Correlation among different fluorescence peaks of DOM in Kaifeng geothermal water samples.

FI FI(I) FI(II) FI(III) FI(IV) FI(V)

FI(I) 1.0000
FI(II) 0.9197 ** 1.0000
FI(III) 0.6084 ** 0.7671 ** 1.0000
FI(IV) 0.7750 ** 0.8718 ** 0.5284 * 1.0000
FI(V) 0.4891 * 0.6695 ** 0.9726 ** 0.4706 * 1.0000

Notes: * is significantly related to the 0.01 level; ** is significantly related to the level of 0.001.

3.4. FI Characteristics of Fluorescent Clusters

The regional integration of FI is another effective method for the quantitative analysis of 3D
fluorescence spectra. Total FI and partition intensity for each group can be obtained by integrating
different fluorescence regions, and can explain changes in material composition and DOM more
specifically. Thus, across the five excitation and emission wavelength range regions considered in
this study, we integrated 3D fluorescence spectral data for all samples to obtain the integral standard
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volume (Φi) of each integral region, as well as the total FI integral (TOT), and the proportion (Pi).
In this context, Pi can be expressed as the ratio of Φi to TOT (Table 3).

Table 3. Volume integral of different area in excitation-emission matrix (EEM) spectra of DOM in each
geothermal reservoir.

Region 600–800 m 800–1000 m 1000–1200 m 1200–1400 m 1400–1600 m

integral standard
volume Φi (au·nm2)

I 215.93 113.02 131.12 23.44 11.53
II 292.73 204.58 216.55 112.11 106.91
III 58.98 80.12 90.98 86.75 107.16
IV 243.03 152.76 145.68 81.92 74.23
V 53.22 46.56 53.82 85.72 116.63

TOT 863.89 597.03 638.15 389.94 416.47

Proportion Pi (%)

I 25.00 19.20 20.89 5.72 2.72
II 33.89 34.10 33.17 28.54 25.65
III 6.83 13.29 14.02 22.43 25.75
IV 28.13 25.45 23.44 21.12 17.88
V 6.16 7.97 8.47 22.18 28.01

The results of this analysis (Figure 4 and Table 3) show that as burial depth increases, integration
of fluorescence spectra in the five regions also changes. Indeed, as the depth of a geothermal reservoir
increases, ΦI, the FI of region I (tryptophan) obviously decreased, while its proportional contribution
to TOT decreased from 25% to 2.72%. At the same time, ΦII, the FI of region II (tyrosine) and ΦIV,
the FI of region IV (soluble microbial metabolites) also decreased slightly, and the proportional
contribution of both to TOT decreased from 33.89% and 28.13% to 25.65% and 17.88%, respectively.
In addition, ΦIII, the FI of region III (fulvic acid) and ΦV, the FI of region V (humic acid) increased
significantly, and the proportional contribution of both to TOT increased from 6.83% and 6.16% to
25.75% and 28.01%, respectively. These results show that, as depth of a geothermal reservoir increases,
the proportion of fluorescent components that contribute to DOM, including proteins, fulvic and
humic acids, also changed markedly.
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3.5. DOM Composition

The analysis discussed above shows that fluorescence peak position, peak intensity, and the total
FI of geothermal waters from different reservoirs are different. In addition, the concentration of DOC
in the geothermal water has changed with the increase of thermal reservoir depth, which indicates
that the concentration and composition of DOM also varies.
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The central position of the DOM fluorescent peak remained unchanged in the case of samples
from the reservoir located between 600 m and 1200 m in depth. However, the central position of this
fluorescence peak varied significantly in the cases of thermal reservoirs located between 1200 m and
1400 m and between 1400 m and 1600 m in depth, mainly due to the microbial activity, but it should
also be related to changes in lithology, since this variation can be explained by the fact that the thermal
reservoir between 1200 m and 1400 m in depth is located exactly at the boundary of the Nm and Ng
formations. This means changes in formation lithology may lead to differences in DOM composition
of DOM, and then cause the different positions of fluorescence peaks. However, this inference also
needs to be further verified by subsequent experiments.

In the case of the thermal reservoir located between 600 m and 1000 m, as burial depth increased,
temperature rose and FI was enhanced. These changes demonstrate that there was no change in the
composition of DOM, although the concentration of DOC increased in the reservoir at this depth range.
This was not the case, however, for the reservoir located between 1000 m and 1600 m; in this example,
as burial depth increased, the intensity of fluorescence peaks first decreased and then increased.
This suggests that the regional environment of fluorescence changed, and also indicates a change in
DOM composition as the content of each component is different. Again, this variation may be the
result of an underlying change in formation lithology and temperature.

The fluorescent components of DOM, including proteins, soluble microbial metabolites, and humic
and fulvic acids, are often present in the geothermal waters of different thermal reservoirs. Based on
fluorescence integration, the II region (tyrosine) and IV region (soluble microbial metabolites) varied
slightly across samples, while the fluorescence integration of other regions changed significantly.
In the thermal reservoir between 600 m and 1200 m depth, DOM comprises mainly tryptophans,
tyrosine-based aromatic proteins, and soluble microbial metabolites, while in the thermal reservoir
between 1200 m and 1600 m depth, DOM mainly consists of tyrosine aromatic proteins, humic and
fulvic acids, and soluble microbial metabolites. Compared with compositions in geothermal water
samples from five reservoirs, it is clear that, in these examples, tyrosine aromatic proteins and soluble
microbial metabolites are the main components of DOM.

Analysis of f450/500 values and correlation of fluorescence peak intensities for each region show
that both DOM and its components share a common source in geothermal water; both are derived from
endogenous microbial metabolic activity and high stability organic compounds released during rock
deposition and subsequently dissolved into geothermal water as the result of water-rock interactions.
Indeed, in particular temperature environments, proteins contained in OM can be hydrolyzed into
amino acids in geothermal water, causing the DOM of geothermal water in deep-pore geothermal
reservoirs to display protein-like patterns of fluorescence. However, as the depth of thermal reservoirs
increases, the concomitant rise in temperature means that microbial metabolic activity is weakened,
its effect on DOM degradation is reduced, and the proportion of protein and microbial metabolites
in DOM is decreased. At the same time, the proportion of fulvic and humic acid-like components
increases, eventually becoming the dominant constituents of DOM in deep geothermal waters.

4. Conclusions

The results of this study show that as the depth of thermal reservoirs increases, so do DOC
concentrations in deep geothermal waters in the city of Kaifeng. Overall, these concentrations exhibit
an overall increasing trend in the reservoir located at depths between 1200 m and 1400 m, at the
boundary between the Neogene Nm and Ng formations. In this reservoir, the DOC mass concentration
in geothermal water exhibits great variability, while in others, where lithologies remain unchanged,
DOC concentrations and UV absorbance change only slightly.

These results demonstrate a significant difference in fluorescence peak center positions of DOM
in geothermal waters from different reservoirs. For example, in samples from the reservoir at depths
between 1000 m and 1200 m, DOM fluorescence mainly exhibits protein-like peaks and soluble
microbial metabolite-like peaks, while in samples from the reservoir located at depths between 1200 m
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and 1400 m, fluorescence mainly reflects protein-like and humic acid-like fluorescence peaks. Similarly,
the DOM fluorescence peaks of samples from the reservoir located at depths between 1400 m and
1600 m mainly correspond to humic acid-like peaks. These differences are mainly the result of changes
in underlying formation lithologies.

FI values of DOM in geothermal water are not generally high. Indeed, in the case of samples from
depths between 600 m and 1000 m, FI values for DOM increase in concert with depth, which may be
related to an increase in temperature. However, at depths between 1000 m and 1600 m, FI decreases
before increasing again, while the range of the fluorescent region becomes larger. This may also be the
result of an interaction between formation lithology change and an increase in temperature.

The results show changes in the proportions of DOM fluorescence components in geothermal
from different reservoirs. These components include proteins and fulvic and humic acids. At the same
time, however, tyrosine aromatic proteins and dissolved microbial metabolites remain the dominant
components of geothermal water DOM.

This study demonstrates that both DOM and its components in geothermal water share a common
origin, derived from microbial activity and decomposition of humus retained throughout the processes
of geological deposition. Subsequent to an increase in thermal reservoir depth, temperature increases
and microbial metabolic activity decreases. This means that the proportion of protein components in
DOM decreases, while fulvic and humic acid components correspondingly increase.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4441/9/4/266/s1.
Supplementary File 1: Spectrophotometer measurements.
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