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Abstract: A karst system, formed by the dissolution of carbonate rocks, is usually susceptible to
contamination. Little is known about the composition of natural dissolved organic matter (DOM)
in groundwater systems, especially in karstic groundwater. To reveal the characteristics of DOM in
a karst aquifer, the Yufuhe River Basin, a typical karst watershed in northern China, was selected.
DOM fluorescence (FDOM) was measured with the excitation-emission matrices (EEMs) spectroscopy
technique. Parallel factor analysis (PARAFAC) was used to analyze the karst hydrogeological
factors that affect FDOM biogeochemical behavior. Three fluorescent components, i.e., tyrosine-like,
tryptophan-like, and ultraviolet fulvic acid were found. Their fluorescence properties were closely
related to human activity and subterranean hydrology. Fluorescence properties suggested that FDOM
in the Yufuhe River karst aquifer was predominant from anthropogenic activity. In addition, due to
the effect of karstic heterogeneous hydrological conditions, FDOM showed obvious differentiation in
the recharge, flow path, and discharge systems. The FDOM fluorescence intensity (FI) was weak in
surface water and groundwater at the upper reaches (recharge area). In the middle of the flow path
area, the percentage of tyrosine-like and tryptophan-like substances degraded and fulvic acid rose
gradually. However, after infiltrating into the lower reaches (discharge area) of the deep karst aquifer
system, the fulvic acid matter was consumed and protein-like matter accumulated.

Keywords: Yufuhe River; karst aquatic system; groundwater; dissolved organic matter fluorescence
(FDOM); three-dimensional fluorescence spectroscopy

1. Introduction

A Kkarst system is one of the most fragile ecological environmental systems in the world [1-5].
Due to the thin soil and the unique karst morphology [6], pollutants can enter the karst aquifer
easily [6,7]. In addition, as an open system, a karst aquifer is closely connected with the surface
environment [8,9]. The geochemical behaviors of pollutants can be significantly different from all other
hydrogeological units.

Karst areas cover 2200 km? and account for 15% of the earth’s land. About 25% of the drinking,
agricultural and industrial water on earth is supplied by karst aquifers [5,10,11]. China has the largest
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karst area in the world, which accounts for 25% of the global karst area [12]. The sinkholes, shafts and
fissure structures in karst areas allow the organic pollutants from pesticides, domestic waste, industrial
activity, etc., to seep into the karst aquifer, which results in an increasingly serious groundwater
pollution problem in karst areas [13].

Dissolved organic matter (DOM) compounds have diverse functional groups and molecular
sizes [14-17]. The functional groups are mainly composed of aromatic and aliphatic hydrocarbon
chains [18-20]. Different DOM functional groups have different fluorescence spectroscopy
characteristics [21-23]. These fluorescence of DOM (FDOM) properties illuminate the chemical
structure, the source of FDOM, and its biogeochemical behavior [24]. Forty to sixty percent of DOM
contains fluorescent substances [24]. It has been reported that fluorescent substances are good tracers in
water conversion [25], but less research has been done in the rapid exchange of karst aquifer systems.

Generally, traditional methods for DOM measurements such as chemical oxygen demand (COD),
biochemical oxygen demand (BOD), total organic carbon (TOC), and dissolved organic carbon (DOC),
always represent the overall DOM quantity (a mixture of organic substances) with some special
properties. They are incapable of revealing its composition (different kinds of organic matter) and
dynamics [26]. Peak picking and fluorescence regional integration (FRI) approaches are also limited
and controversial [27]. To avoid these restrictions, an excitation—emission matrix combined with
parallel factor analysis (EEM-PARAFAC) technique has been widely used to reveal the components,
sources, and fate of organic matter [28]. EEM-PARAFAC, which can accurately reveal components and
dynamics in different aqueous environments, can provide advantageous information on FDOM.
Spectral components are identified by this method, which can provide further insight into the
environmental dynamics of the organic matter in diverse ecosystems [29].

A typical karst watershed in north-eastern China was selected to study the composition and
source of DOM using fluorescence spectroscopy and PARAFAC. The properties and behavior of FDOM
in the recharge, runoff, and discharge systems in this karst watershed were conducted to explore the
FDOM transformation. The aim of this study was to understand the FDOM geochemical cycle in
a karstic critical zone using the fluorescence properties of DOM.

2. Materials and Methods

2.1. Field Site

Jinan Karst Springs (JKS) is an important historical heritage site in China and has been well known
for hundreds of years [30]. The terrain is high in the south and low in the north, with the south being
the crystalline basement of the former Sinian gneisses. The Cambrian-Ordovician strata are exposed,
ranging from old to new northwards, and the Yanshanian magmatic rock is distributed in the north
(Figure 1A,B). The direction of movement of the karst water, the direction of the topography and the
direction of the stratum are generally consistent, moving from south to north [31]. As the karst water
moves to the north, it is blocked by magmatic rocks. The groundwater becomes enriched and reaches
the surface as a spring in Jinan (Figure 1C).

The Yufuhe River Basin is located in southern Jinan. It is the main recharge area for JKS (Figure 1B).
The river watershed area is 764 km? and its length is 95.7 km [32]. Most of the basin landform is low
mountain and hilly. The southern part of the study area is a mountainous region with an average
elevation of 500 m above sea level, and its elevation is about 100 m in the north. The water eventually
flows into the Yellow River. Three tributaries, i.e., Jinxiuchuan, Jinyangchuan, and Jinyunchuan,
compose its upstream. The main hydrogeological units in the study area were: (1) Cambrian aquifer,
(2) Ordovician aquifer, (3) Quaternary aquifer and (4) Archaean aquifer (Figure 1D) [30].

The metamorphic rocks from the Taishan Group of the Archean Eonothem crop out in the upper
reaches. The karst area, combined with the piedmont plain and residual sediments, comprises the
middle and lower reaches. Limestone and dolostone from Ordovician and Cambrian strata are the
main rocks in the karst area [33]. A small amount of shale trapped in carbonate rock has low organic
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content according to the report. It has two thin shale layers (10-15 cm) in carbonate rocks and the
organic content is less than 1% [34]. Therefore, the shale layer shown in Figure 1D was not drawn up
and the effect of shale organic matter on FDOM was not analyzed in this research.

Groundwater flow is controlled by the aquifers and confining layers. It is also affected by the
surface water (e.g., the surface reservoir, river, etc.) as well as the pumping and recharge wells [30].
The water source from metamorphic rocks enters the karst aquifer system through karst fissures and
pipes. The leakage of the Yufuhe River and reservoirs, such as the Wohushan Reservoir, and the lateral
inflow contribute a great deal to the JKS groundwater recharge [30]. Seepage in loose sediments of
middle and lower reaches is another source for JKS.

The study area has a warm temperate continental monsoon climate, an annual average
temperature of 14.3 °C (1956-2013), and an average annual evaporation of 1500-1900 mm (1956-2013).
The mean annual precipitation is around 676.94 mm (1956-2013), and the area has an uneven
distribution of precipitation during the year, with about 73% of annual rainfall occurring from June
to September [31]. The coefficient of the average (from 2009-2015) runoff depth is 120 mm and the
multi-annual average runoff is calculated as 8.64 x 106 m3/a [35].

The dynamics of the groundwater level is affected by many factors, such as precipitation, artificial
mining, and the local topography [31]. Cultivated land, such as forest land, vegetable land, orchards,
and cornfields, accounts for 33% of the basin area. Pesticide usage, mainly applied from March to
September, is the primary sources of organic pollutants. An investigation showed that there were
59 kinds of organic pollutants in the Yufuhe River, which had a serious effect on JKS [36].
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Figure 1. The map shows the geographic location and the lithology of the Yufuhe River Basin. (A,B) is
the location of Jinan Karst Springs (JKS) and the hydrogeological map of JKS according to Qian et al. [30].
(C) is the cross-section map from (A) to (B) which shows the geological-hydrogeological structure of
JKS from its recharge area to the discharge area. The sampling points and detailed hydrogeological
structure are shown in (D). The letters in brackets represent the type of water point: KW is karst aquifer
water; SW is surface water; MW is metamorphic rock groundwater; and LW means loose sediment

groundwater. The catchment line in the geology map and cross-section map were modified according
to Wan et al. [37].

2.2. Sample Collection

According to different land use and lithology, 22 surface water and ground water samples were
collected in May 2016. They were packed into 500-mL plastic bottles for chemical and fluorescence
analyses without bubbles. After encapsulation, they were stored in a refrigerator at 4 °C and
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transported to the laboratory as soon as possible. Purified water was measured as a blank to deduce the
external factors. Meanwhile, one bottle for each sampling point was collected for nitrate determination
following the reference of Zhang et al. [38]. The pH, conductivity, temperature, and dissolved oxygen
(DO) were tested in situ with a WTW instrument (WTW muti-3420, Wissenschaftlich-Technische
Werkstatten GmbH & Co. KG, Munich, Germany). The turbidity was measured in situ by a portable
turbidimeter (HACH 2100Q, Loveland, CA, USA). These parameters were measured to assist the
DOM transformation analysis. Detailed sample information is shown in Table 1. For simplicity,
the abbreviations SW, KW, MW, and LW were used to represent the surface water, karst groundwater,
metamorphic rock groundwater, and loose sediment groundwater, respectively, in Table 1. According
to the relationship between river recharge, runoff, and discharge area, the Yufuhe River was divided
into seven units [37], i.e., upstream KW (501, S02), middle stream KW (504, S06, S09), upstream MW
(507), upstream SW (503), middle stream SW (S05, S08, S10, S11, 512, 513), downstream KW (515, 517,
S20), downstream SW (516, S18, S21, S22), middle stream LW (514), and downstream LW (519).

2.3. Optical Measurement and Analysis

The collected water samples were filtered into glass bottles pre-combusted at 550 °C for 6 h
through glass fiber filters (0.22 um). Absorbance spectra were obtained between 200 and 800 nm at
1-nm intervals (Shimadzu UV-2450PC UV-Vis spectrometer, Shimadzu Corporation, Kyoto, Japan)
with 5-cm quartz cells. Milli-Q water was used in the reference cell. Absorbance measurements at each
wavelength (k) were baseline corrected by subtracting the absorbance value at 700 nm. Absorption
coefficients were obtained using the following equation (Equation (1)):

where Apow) (m~1) is the DOM absorbance coefficient at wavelength k, A(k) is the corrected
absorbance at wavelength k, and r is the cell path length (m) [39].

The three-dimensional (3D) excitation (Ex)-emission (Em) matrix spectra of DOM were measured
using a Hitachi F-7000 fluorescence spectrometer (Hitachi High-Technologies, Hitachi Limited, Tokyo,
Japan) with a 700-PMT voltage of a 150-W Xe lamp and a signal-to-noise ratio (SNR) of more than
110. The scan range was 200-450 nm for Ex and 250-600 nm for Em. Readings were collected at 5-nm
intervals for Ex, with a 1-nm Em wavelength using a scanning speed of 2400 nm/min. The bandpass
width was 5 nm for both Ex and Em.

The correction of spectra for instrumental response consisted of Ex and Em calibration. First, Ex
was calibrated by using Rhodamine B as a standard (quantum counter), with a single-side frosted red
filter in the Ex scan mode. Then, Em calibration was conducted with a diffuser in the synchronous
scan mode. The Ex and Em spectra obtained over the range 200-600 nm were internally applied by
the instrument (FL Solutions 2.1 software, Hitachi Limited, Tokyo, Japan) to correct the subsequent
spectra. The absorption spectra were used to correct the inner filter of the fluorescence spectra [40].

Fluorescence intensity was calibrated in quinine sulfate units (QSUs), where 1 QSU is the
maximum fluorescence intensity of 0.01 mg/L of quinine (gs) in 1 N H,SO4 at the Ex wavelength
(nm)/Em wavelength (nm) = 350/450. Rayleigh scatter effects were removed from the data-set by
excluding any Em measurements made at wavelengths 6 Ex, wavelength +5 nm, and at wavelengths P
Ex wavelength +300 nm. Zero was added to the 3D EEM in the two triangle regions (Em wavelength
6 Ex wavelength +5 nm and P Ex wavelength +300 nm) of the missing data.

In order to deduce the source of FDOM more accurately, the fluorescence index (FI) was used.
It is defined as the intensity ratio of the fluorescence Em spectra at 450 and 500 nm, when the Ex
wavelength is 370 nm (£450/£500) [41]. Mcknight et al. [40] pointed out that when f450/£500 is 1.4,
the fluorescence component mainly forms land-based substances (exogenous matter); when £450 /500
is 1.9, the fluorescence Em group is derived from biodegradation (endogenous matter).
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Table 1. The detailed information on the water samples.

. . . Water . EC ** o DS Turbidity NO;3~
Sample  Sampling Point Lithology Type * Sample Site pH (uS/cm) T(C DO (mg/L) (mg/L) (NTU) (mg/L)
. Limestone, marl, and limestone .
S01 Hongling I intercalated with little shale Kw Spring 7.45 566 15.3 7.15 245 0.72 18.32
. Limestone, marl, and limestone .
502 Hongling 11 intercalated with litfle shale KW Spring 8.30 543 14.2 9.27 272 1.72 37.38
S03 Xiying Residual sandy clay SW Surface river 8.17 422 20.0 8.97 191 0.10 1.20
S04 Dashuijing Limestone and dolomitic KW Well 200 m in 7.49 697 14.6 5.75 302 0.66 16.52
limestone depth
S05 Jiuqu Residual sandy clay SW Surface river 7.90 653 17.2 8.60 280 0.66 20.96
Limestone, marl, and limestone .
S06 Dafo intercalated with little shale KwW Spring 7.35 693 15.0 7.73 290 122 30.75
507 Shiyao Gneiss MW Well 10 m in depth 7.51 751 17.3 6.30 324 2.49 37.06
508 Liubu Residual sandy clay SW Surface river 8.09 506 15.1 10.70 221 0.93 16.68
., Limestone, marl, and limestone .
S09 Beigao’er intercalated with litfle shale KW Spring 7.50 755 15.5 8.36 334 2.19 50.47
S10 Menya Residual sandy clay SW Surface river 8.08 513 19.7 14.63 250 1.70 15.86
S11 Wohushan I Residual sandy clay SW Reservoir 8.68 1035 18.1 11.77 455 5.95 1271
S12 Wohushan II Surface water SW Reservoir 8.52 1044 17.4 10.27 450 5.69 11.96
S13 Wohushan III Residual sandy clay SW Reservoir 8.29 1051 15.9 8.77 455 3.87 11.43
S14 Cuijia I Residual sandy clay LW Well 6 m in depth 7.27 1110 15.4 4.63 477 1.30 20.72
Limestone, marl, and limestone .
S15 Cuijia II intercalated with little shale KW Spring 7.90 557 14.4 9.90 241 0.46 18.66
S16 Zhaike Piedmont alluvial plain SW Surface river 8.58 971 19.4 12.16 418 3.10 7.69
. Limestone, marl, and limestone Well 262 m in
S17 Zhai’ertou I intercalated with little shale KwW depth 7.64 671 17.2 8.60 288 1.48 32.00
S18 Zhai’ertou I Piedmont alluvial plain SW Surface river 8.20 992 16.3 10.20 256 2.56 7.37
S19 Eastern Kema Piedmont alluvial plain LW Well 26 m in depth 7.81 1280 18.3 8.95 550 0.82 9.08
o Limestone, marl, and limestone Well 329 m in
520 Xiangjiazhuang intercalated with little shale Kw depth 7.40 801 15.2 7.01 347 0.88 72.44
521 Western Kema Piedmont alluvial plain SW Surface river 9.34 1647 19.1 10.80 701 4.80 1.08
522 Cuimazhuang Piedmont alluvial plain SW Surface river 9.06 1635 19.2 10.63 696 6.57 417

* SW: surface water; KW: karst groundwater; MW: metamorphic rock groundwater; LW: loose sediment groundwater; ** electrical conductivity.

6 of 18
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2.4. The PARAFAC Model

Fluorescence EEMs were modeled by PARAFAC, which uses an alternating least-squares
algorithm to minimize the sum of squared residuals across the dataset and to estimate the underlying
structure of the EEM. The calibrated and corrected EEM datasets were performed in Matlab 2015a
software. The DOMfluor toolbox of the Matlab software package was used for the PARAFAC model’s
implementation and validation. The number of independent fluorescent components was determined
by methods including split-half and residual analysis [28].

In this study, 22 water samples were measured, and each 3D-EEM was comprised of a 51 x 352
matrix. Therefore, the total samples constituted a 22 x 51 x 352 matrix. A PARAFAC model was
adopted to simulate the DOM components through the DOMfluor toolbox of Matlab.

The PARAFAC statistically decomposes the complex mixture of DOM fluorophores into
components without any assumptions about their spectral sharp or peak numbers. The data signal is
decomposed into a set of three linear terms and a residual array [42] (Equation (2)):

F
Xije = Y aigbjscrs tee i=1,2,.Lj=1,2,.k=1,2,.K @)
f=1

where x;j is the fluorescence intensity for the ith sample at Em wavelength j and Ex wavelength of k
and aj is directly proportional to the concentration of the fth analyte in the ith sample. Both bjrand ¢y
are linearly related to the Em and Ex spectra at Em wavelength j and Ex wavelength k, respectively, for
the fth analyte. e;j is the residual noise, a variable value not accounted for in the model.

3. Results

3.1. Component Extraction by PARAFAC

The trilinear decomposition model showed that with an increasing number of components,
the sum square of errors (SSE) and the core consistency would diminish. To balance the two factors,
a smaller SSE component was determined by analyzing the change trends of the residual curve [43].
The curves from factor Ex and the spectral square error sum are shown in Figure 2 according to the
results from PARAFAC. The square error sum in the graph gradually becomes smooth by increasing
the factor number from 1 to 4, and the fitting curve becomes much better.
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Figure 2. The sum of squared errors was influenced by different factors simulated by the Parallel factor
analysis (PARAFAC) model. (A-D) represent the fitting curve with 1-, 2-, 3-, and 4-factor models,
respectively. The red line is the model line and the blue line is the measured fitting curve. The fitting
curve shows a good relationship with the standard curves in 3 and 4 fluorescent factors (C,D).
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However, the error squared sum showed no significant difference between factor numbers 3 and
4. Based on this analysis, three fluorescent components of FDOM and the corresponding maximum
Ex/Em wavelength were identified. A comparison between the three fluorescence peaks and other
literature is shown in Table 2. The EEM and the maximum Ex and Em wavelengths of the three
fluorescent components are shown in Figure 3.

Table 2. The fluorescence characteristics of the three fluorophores in the Yufuhe River.

Ex/Em
This Study Reference
275/310 [44]

Components Type

Tyrosine of

C1 e 300(245) /345 275(220)/315 [45]
protein-like 270-290/300-320 [46,47]
Tryptophan of 275/340 [42,44,48]
C2 protein-like <225(275)/340 500 990,/300-350 [46,47]
240-270/370-440 [47]
e 235-255,/410-450 [46]
C3 U\/(Fle_‘l’illiea)“d 235/414 235-255/410-450 [49]
230/430 [42]
260,/380-460 [42]

High

Low

300 300
240 260 280 300 320 M0 30 380 400 420 440 240 260 280 300 320 340 360 380 400 420 440 240 260 280 300 320 340 360 380 400 420 440
Ex. (nm) Ex. (nm) Ex. (nm)

Figure 3. The 3D spectrum of fluorescence components identified by the PARARAC model: (A-C)
represent component 1 (C1, tyrosine-like substance), component 2 (C2, tryptophan-like substance),
and component 3 (C3, ultraviolet fulvic acid substances), respectively. The peak shows the Ex/Em in
different components. Peak A is 245/345, peak B is 300/345, peak C is 225/340, peak D is 275/340, and
peak E is 235/414.

Component C1 had two maximum Ex wavelengths at 300 and 245 nm, with a maximum Em
wavelength at 345 nm (Figure 3A). These peaks are similar to the tyrosine-like fluorescence peak B in
a highly excited protein-like substance related to tyrosine and its metabolites [50].

Component C2 had two Ex peaks (<225 and 275 nm) and one Em peak (340 nm) (Figure 3B),
corresponding to the high Ex tryptophan-like fluorescence peak T (275 nm/340 nm) of the conventional
component, which is a tryptophan-like fluorescent peak in a protein-like substance. The peak
position of <225/340 nm corresponds to the traditional low-level tryptophan-like fluorescence peak S
(230-235/330-350 nm). The difference is that the Ex shifted to the blue wavelength.

Component C3 had a single Ex peak and Em peak (235/414 nm) (Figure 3C), representing the
humic substances with a short-wave ultraviolet response, such as fulvic acid (FA). The peak is in the
region of the traditional M peak (290-310/370-420 nm), a terrestrial humic-source DOM [51]. However,
compared with the traditional humic peaks, the Ex wave was also blue shifted.

The main factors that affect the blue shift in DOM fluorescence peaks include decreasing
aromaticity, reducing in conjugated double bonds, and elimination of functional groups (such as
carboxyl, hydroxyl, carbonyl, amine, etc.) [52]. For C2 and C3, the blue shift appeared at the peak
<225/340 nm (Ex/Em) and 235/414 nm (Ex/Em), indicating that the aromatic components had
decreased and the molecular structure was simplified [53].
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3.2. Spatial Distribution of FDOM Fluorescent Components

Table 3 shows the absolute and corresponding relative values for the three main DOM fluorescent
components from different water types in the Yufuhe River.

Table 3. The distribution of the three main dissolved organic matter (DOM) fluorescent components in
the Yufuhe River water.

Sampling Point Absolute Value (a.u.) Relative Value (%)
V;';;f DOM Component  C1 2 c3 c1 2 c3
Ex (nm) 300(245) <225(275) 235 300(245) <225(275) 235
Em (nm) 345 340 414 345 340 414
S01 0.00 107 1.79 0.00 98.4 1.64
502 9.20 48.4 3.19 15.1 79.6 5.24
S04 117 40.3 2.07 73.4 25.3 1.30
S06 722 75.2 1.12 48.6 50.6 0.75
KW S09 128 105 4.32 53.9 44.3 1.82
S15 0.00 94.8 3.82 0.00 96.1 3.87
S17 3.26 61.8 3.99 472 89.5 5.77
520 9.49 34.6 3.68 19.9 724 7.71
Avg. 424 71.0 2.99 27.0 69.5 3.51
S03 0.00 129 9.58 0.00 93.1 6.91
S05 8.62 53.0 4.07 13.1 80.7 6.20
S08 2.33 60.0 4.50 3.50 89.8 6.75
S10 1.79 101 4.19 1.67 94.4 391
S11 2.39 93 11.7 2.23 86.9 10.92
SW S13 6.10 133 12.2 4.03 87.9 8.08
S16 1.39 123 13.5 1.00 89.2 9.79
S18 0.86 123 13.3 0.63 89.7 9.65
S21 114 124 19.7 7.36 79.9 12.7
S22 10.6 146 20.7 5.95 824 11.7
Avg. 4.54 107 114 3.95 87.4 8.66
MW S07 5.14 54.6 7.14 7.68 81.7 10.7
S14 3.81 108 4.99 3.27 92.4 4.28
LW S19 6.45 92 7.14 6.11 87.1 6.76
Avg. 5.13 100 6.06 4.69 89.8 5.52

The average content of fluorescent components in KW was C2 > C1 > C3, but they were C2 > C3 >
C1in SW, MW, and LW. Generally, fluorescence intensity correlates with FDOM concentration in the
KW [48,53]. According to Table 3, the proportion of tryptophan-like substances in the KW was the
largest, followed by tyrosine-like and humic materials. However, the order in SW, MW, and LW was
tryptophan-like, humic, and tyrosine-like materials. The spatial distribution of fluorescence intensity
in KW shows that the highest value fell on sampling point S09, which is the limestone aquifer in the
middle-stream river (Figure 1D). The lowest value appeared at 520, which is the limestone confined
aquifer in the downstream (Table 1). Field investigations discovered that S09 had a high population
density and serious pollution. Wide utilization of pesticides in the vegetable and crop lands resulted
in epikarst water containing a high content of FDOM. Although the contamination was also serious on
the surface soil at S20, the deep confined water that had collected was less affected by surface FDOM.
Hydrochemical parameters such as EC, TDS, turbidity, and NO3; ™ verified the results that high values
reflect intense human activity (Table 1).

Figure 4 displays the spatial distribution of the total fluorescence intensity and the specific
fluorescent components at each sampling point. The average fluorescence intensity was 116, 124,
67, and 111 a.u. for KW, SW, MW, and LW, respectively. However, the fluorescence intensity of the
tyrosine-like substance in KW was 42 a.u., higher than that of SW (4.54 a.u.), MW (5.14 a.u.), and LW



Water 2018, 10, 1427 10 0of 18

(5.13 a.u.). For humic material, the KW samples had the lowest value (2.99 a.u.), which were 11.35,
7.14, and 6.06 a.u. for SW, MW, and LW, respectively. From upstream to downstream, the fluorescence
intensity in KW decreased gradually, while it increased gradually in SW.
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Figure 4. The distributions of the three fluorescent components scores. The average contribution rates of
C1, C2, and C3 in SW (surface water), MW (metamorphic rock groundwater), and LW (loose sediment
groundwater) are 13.0%, 80.5%, and 6.5%, respectively. In KW (karst aquifer water), the average
contributions of C1, C2, and C3 are 27.0%, 69.5%, and 3.5%, respectively. Compared with non-karst
water, the content of C1 in KW is higher, while the concentration of C2 and C3 is relatively lower.

4. Discussion

4.1. DOM Source Tracing

Fluorescence spectral information can describe the source and composition of DOM [54,55].
Although it is difficult to attribute a certain fluorescence peak to one kind of FDOM, the EEM can
be used to classify and analyze differences in FDOM composition according to the fluorescence
peak characteristics. Many studies have reported that different sources of DOM contain different
fluorophores, leading to the differences of fluorescence peak position and intensity [56].

The characteristics of fluorescence intensity can reflect the complexity of the molecular structure.
An increase in molecular weight or in conjugated double bonds can produce strong and long
fluorescence wavelengths. Short-wavelength fluorescence is usually related to low molecular weight
and fewer conjugated double bonds [57]. For example, short Ex (200-250 nm) and short Em
(280-350 nm) fluorescence peaks are always associated with simple aromatic protein components, such
as tyrosine [58]; long Ex (250-280 nm) and short Em (300-380 nm) fluorescence peaks are associated
with microbial byproducts, such as tyrosine, tryptophan, protein-like matter, and phenols [59]; long Ex
(280440 nm) and long Em (380-510 nm) fluorescence peaks are associated with humic-like (HA-like)
organic matter [60]; and short Ex (<250 nm) and long Em (>350 nm) fluorescence peaks are associated
with fulvic-like (FA-like) substances [40].

The generation of tryptophan-like and tyrosine-like fluorescence peaks is affected by the structure
of arylamino acids in DOM [61]. It would also be influenced by industrial wastewater and sewage [62].
As seen from Table 4, the FI values in KW are between 1.84 and 2.15 (average of 1.94), indicating that



Water 2018, 10, 1427 11 0f 18

most of the FDOM in KW comes from micro-organism decomposition. The FI values for MW and LW
are similar to KW, with a range of 1.86-1.99. This means that FDOM is also produced by microbial
action. For SW, the average value is 1.70. This means that the exogenous contaminants were also part
of the DOM components in SW.

Table 4. The FI (fluorescence intensity) value of FDOM (fluorescence of DOM) in Yufuhe River water.

Water Type Sampling Point Ex (370 nm) FI
Em (450 nm)  Em (500 nm)
501 54.1 29.2 1.85
502 102 47.6 2.15
S04 120 60.1 1.97
506 72.7 36.2 2.01
KW 509 108 56.9 1.89
S15 113 61.4 1.84
S17 115 61.6 1.86
520 122 62.2 1.97
Avg. 101 +22.9 52.0+12.1 1.94+0.1
S03 245 152 1.61
S05 125 75.1 1.66
S08 166 96.4 1.72
S10 122 65.7 1.85
S11 261 152 1.72
SW 513 274 164 1.67
S16 350 204 1.72
S18 346 198 1.75
521 472 286 1.65
522 453 271 1.67
Avg. 281 +118.2 166 + 71.7 1.70 £0.1
MW S07 197 106 1.86
S14 140 70.2 1.99
LW S19 167 88.5 1.88
Avg. 153 +13.5 79.3+9.2 1.94 +£0.1

Karst systems always have large cracks and pipes [63], which are conducive to micro-organism
residence and growth. Therefore, FDOM degrades more easily than other hydrogeological
systems. Under the effect of surface-ground water exchange, it is easy for FDOM to degrade by
organic-carbon-degrading bacteria.

Phytoplankton and microbial species grow enormously in contaminated surface water in surface
rivers [64]. Compared with the karst aquifer, the space in metamorphic rocks and loose rock systems
is small and the exchange with surface water is slow. This is why FDOM has a certain degree of
endogenous contribution, but the microbial metabolism is not as remarkable as for SW and KW.

Pollution had a significant influence on fluorescence intensity in SW. External factors such as soil
erosion and human pollution make the FDOM in SW two source features. The FDOM fluorescence
intensity was light (except S09) at upstream with low human activity. It was quite similar to KW. In
the middle and downstream, the environment was strongly influenced by human activity through
vegetable and crop planting, which resulted in high fluorescence intensity. From Table 1, the average
values of EC, TDS, turbidity, and NOj3" in the upper reaches were 576 uS/cm, 258 mg/L, 0.772
NTU, and 14.25 mg/L, respectively. These parameters were 941 uS/cm, 397 mg/L, 2.70 NTU, and
21.18 mg/L, respectively, in the lower reaches. The DOM components are obviously affected by the
factors of human activity. Table 5 shows the relation between these parameters and the three fluorescent
components extracted by PARAFAC. The Pearson correlation coefficient of C3 and the hydrochemistry
indexes such as pH, EC, TDS, and turbidity showed significant relationships. This expresses the
characteristic of human activity. C1, another DOM component, has a significant relationship with
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temperature, which affected the biochemical reaction. It is interesting that the C1 is high in KW but
low in SW, LW, and MW. C2 and C3 show the opposite phenomenon. As stated above, the tyrosine-like
substance (C1) comes mainly from the endogenous environment. The tryptophan-like and fulvic
acid substances (C2 and C3) come from the microbial metabolism. This rule is consistent with the
hydrogeological structure of karst and non-karst aquifer systems.

Table 5. The relationship between the hydrochemistry parameters and the three fluorescent components.

pH EC T DO TDS Turbidity NO3z;™~ C1 *** C2*** (3 ***
pH 1
EC 0.568 ** 1
T 0.581 ** 0.380 1
DO 0.694 ** 0.097 0.569 ** 1
TDS 0.564**  0.964 ** 0.399 0.096 1
Turbidity 0.746**  0.735** 0.420 0.409 0.728 ** 1
NO;3;~ —0.602 -0.353  —0527*  —0.417 —0.301 —0.311 1
*%
C1 —0.406 —0.142  —-0434* —-0416 —0.114 —0.198 0.388 1
C2 0.302 0.035 0.363 0.383 0.014 0.082 —0.362  —0.987 1
*%
C3 0.738*  0.626**  0.579** 0.372 0.574*  0.700*  —0321 —0.551 0.410 1

*%

* The correlation was significant at the level of 0.05. ** The correlation was significant at the level of 0.01. *** C1, C2
and C3 represent component 1 (tyrosine-like substance), component 2 (tryptophan-like substance), and component
3 (ultraviolet fulvic acid substances), respectively.

4.2. Differentiation of FDOM Fluorescence Signal

Traditional physical and chemical indexes, such as the Ca/Na ratio, Mg/Ca ratio, HCO3; ™/ S042-,
etc., illuminate the different regional sources of karst water. DOM fluorescence studies reveal more
about the differentiation of geochemical /biogeochemical process [50]. For example, the FI of S02, S04,
506, S14, and S20 are all higher than 1.90, which corresponds to its high endogenous contribution. At
S03, S05, 513, 521, and 522, where aquatic plants grow well, the FI values are <1.70. The concentration of
nitrate shown in Table 1 reflects the human effects on FI. In fact, rain flushing, agricultural production,
slope land reclamation, etc., would lead to soil erosion and result in a high humus fluorescence peak in
water [65], which cause a high protein-like fluorescence peak for the river [66].

In addition, DOM fluorescence properties can trace the transformation of fluorescent components.
For example, a tryptophan-like peak usually indicates a heterogeneous FDOM (exogenous FDOM) such
as insecticides, naphthalene, phenanthrene, etc., [67]. The blue shift of the tryptophan-like fluorescence
peak (Table 2) indicates that the FDOM was degraded by phytoplankton and aquatic organisms [44].
The occurrence of a blue shift is generally induced by the change of aromatic ring to the aromatic
filtrate, the decreasing of long-chain molecule alignment bonds, and the transformation of linear cyclic
structures into nonlinear cyclic structures [44]. Ultraviolet fulvic acid (UV-FA) derived from carbonyl
and a hydroxyl compound has a low molecular weight and high fluorescence efficiency [61]. In SW, the
fluorescence intensity of the protein-like substance decreased and the UV-FA was enhanced (Table 3),
illuminating that the protein was gradually transformed to humus. That is, the exogenous FDOM
transformed into endogenous FDOM.

4.3. DOM Fluorescent Component Conversion in the Surface and Ground Water

As shown in Table 6, the average fluorescence intensity of the three fluorescent substances in KW
is stronger than that of MW. With the changing of KW and MW to SW, tryptophan-like substances
increase. From the upper reaches to the middle and lower reaches, the parameters of EC, TDS, and
turbidity increase, but the fluorescence intensity of tryptophan-like substances, tyrosine-like substances,
and FA in SW decrease. However, their percentage contents are not very different, which means that
they experienced the same microbial degradation process.
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Table 6. The comparison of physicochemical parameters and fluorescence intensity between different

water types.
Unit Absolute Value (a.u.) Relative Value (%) EC DO TDS  Turbidity
a o 3 Sum  C1 & c3  (WSlm) (mg/l) (mg/L)  (NTU)
KW in upstream 6530 7530 250 143.00 3820 5970 215 651 765 289 0.85
MW in upstream 514 5460 714 6700 7.68 8170 1067 751 630 324 2.49
SW in upstream 319 890 559 9500 458 8950 594 524 1070 236 1.30
RW * 425 113.00 1200 12900 313 8740 950 1043 1030 455 491
SWinmiddleand ¢ o5 15900 1680 15200 374 8530 1096 1311 1100 518 426
downstream
Winmiddleand 5.5 30000 607 11100 469 8980 552 1195 679 514 1.06
downstream
KWinmiddleand 5 ¢100 383 7200 820 8600 578 676 850 292 0.94
downstream

* RW means reservoir water.

The FDOM migration in the Yufuhe River Basin was shown in Figure 5. The MW, distributed in
the upper reaches, is mainly subjected to precipitation and is less influenced by anthropogenic effects.
In such an environment, the concentration of exogenous FDOM and its microbial degradation are low.
Microbial respiration was responsible for protein-like consumption. Therefore, the DOM fluorescence
intensity in MW is weak but the relative value of FA is high (10.67%).

EXPLANATION
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Figure 5. The sketch shows the surface-ground water conversion and DOM fluorescence composition
variations in the Yufuhe River Basin. The gray boxes represent the aquifers of carbonate rock,
metamorphic rock, and loose sediment. The yellow boxes represent the surface water from the
upper reaches to the lower reaches and the reservoir.

The KW is influenced by the thin soil layer, serious soil erosion, and intensive agricultural activity
in the karst area. Under the different dynamic conditions of karst groundwater and surface water,
the DOM transportation in these two environments is also different. Generally, the soil DOM readily
enters to surface water in karst areas under the soil erosion. After a long transportation, the DOM
enters the karst aquifer gradually, causing a high DOM fluorescence intensity in karst groundwater. In
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addition, the arbitrary discharge of organic pollutants as stated above also leads to an elevated level of
protein-like components [65]. At the lower reaches, the SW moves towards the loose sediment before
it arrives at the deep karst system. The Quaternary sediment is a good filter for FDOM transportation,
so the KW is less affected by surface pollutants in the deep karst aquifer.

From the upper reaches to the lower reaches, the concentration of FDOM and the proportion
of tryptophan-like substances in surface water grew, while the proportion of UV-FA fell. Generally,
the FDOM eigenvalues would decline under the decomposition effect of the microorganisms in SW [68].
However, the results here show that the FDOM eigenvalue increases along the surface water flow. This
means that there is an exogenous FDOM input and new fluorescent substances are produced along
the river. In addition, the blue shift in the FA fluorescence peak during the FDOM transport in SW
signifies that the macromolecules were decomposed to small molecules and specific functional groups
such as carbonyl, hydrocarbyl, and amine.

The downstream LW is directly derived from SW. The FDOM in LW is similar to that of SW.
However, when SW enters the underground, the FDOM would be affected by several microbiological
processes that involve DO and nitrate [69,70]. Some organic compounds would then be consumed and
the DOM fluorescence intensity would decrease [71]. In fact, the impact of surface pollution, especially
the FDOM produced by agricultural activity, has an opposite effect, leading to the increase of the
protein-like material and the decrease of FA content.

FDOM is consumed by microbial activity in the aquifer during infiltration. The karst aquifer,
a weak reducing environment [72], is conducive to FDOM mineralization and the generation of
degradable intermediate products, such as amino acid composition. So, the tryptophan fluorescence
intensity in KW is higher than that of SW and the LW. An interesting phenomenon is that both the
epikart and deep karst waters have a high tyrosine-like substance concentration. The mechanism will
be investigated in future research. However, it can be concluded from the above analysis that FDOM is
a qualitative tracer that deducing the hydrogeochemical /biogeochemical processes that happened in
karst aquifers.

5. Conclusions

PARAFAC was used to analyze the fluorescent characteristics and composition of FDOM. Based
on the results, the surface and ground water conversion in the karst basin was studied, revealing the
internal mechanism and biogeochemical behavior of FDOM transformation. Three kinds of FDOM
components, i.e., tyrosine-like substances, tryptophan-like substances, and UV-FA were extracted
by PARAFAC in the Yufuhe River samples. The tryptophan-like substance in KW has the largest
proportion, followed by tyrosine-like substance and UV fulvic acid.

Fluorescence index analysis showed that the FDOM exhibited two end-members: exogenous
and endogenous. In the place where human activity was intense, the FDOM originated mainly
from a terrestrial input. The transformation of DOM components in the surface water and ground
water revealed the dynamics of recharge, runoff, and discharge in the watershed. The metamorphic
area in the upper reaches had a lesser anthropogenic effect and a favorable ecological environment.
Therefore, the DOM fluorescence intensity was weakest and the relative content of FA was the highest.
Meanwhile, the FDOM external physical input would result in the FDOM fluorescence eigenvalue
rising. According to the characteristic of FDOM, it can be treated as a tracer indicating the source of
organic matters qualitatively.

It should be noted that the sediment pore-water is susceptible to the ground pollution, so the
proportion of protein-like fluorescent substances is large. After the Quaternary water has permeated
into the karst aquifer, the FDOM concentration and the fluorescence intensity decreases continuously.
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