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Abstract

The Yellow River Basin (YRB) is a vital water source and an essential ecological barrier in
northern China. Currently, it faces pressing challenges related to water resource security
and displays pronounced disparities in regional economic development. In recent years,
with the elevation of Ecological Protection and High-Quality Development to a national
strategy, examining the interaction between industrial growth and water environmental
quality within the basin has become a priority. This study focuses on the mainstem of
the YRB. By compiling relevant data from 2000 to 2021 and collecting water samples from
20 mainstem sites, and by integrating spatial distribution information of key industrial
sectors with water quality records (including representative heavy metals and anions),
we found that the basin’s economic output expanded significantly over the past two
decades, approximately 11.7 times. The industrial structure evolved across provinces
within the basin, exhibiting an overall upward trend in industrial upgrading; nevertheless,
substantial differences in industrial composition and transformation persist between the
upper and lower reaches. Spatial variations in different industries are closely associated
with pollutant concentrations. In particular, major industries in the middle-lower reaches,
notably concentrated in regions such as Shandong, possess high total asset values. Output
from certain sectors (e.g., petroleum extraction, coal mining and processing, non-metallic
mineral mining and processing) is strongly correlated with pollution changes, with marked
spatial linkages between their geographic distribution and concentrations of critical heavy
metals (Cu, Se, Mo, Mn, Ni). Moreover, spatial analysis of the industry—pollution nexus
reveals an apparent paradox in the middle-lower YRB: high industrial output coupled with
relatively low levels of heavy metal contamination. This finding highlights the pivotal role
of an advanced industrial structure and elevated regional development quality in mediating
the balance between economic expansion and environmental pressure. In conclusion, as a
globally significant large river basin, the YRB demonstrates a tight coupling between water
quality and industrial structure. The results provide spatially explicit scientific evidence and
policy guidance for the coordinated advancement of industrial green transformation and
water quality improvement in the YRB, offering broader insights into industrial structure
patterns and pollution control strategies applicable to major river basins worldwide.
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1. Introduction

Since the late 20th century, China’s economy has undergone rapid expansion, predom-
inantly driven by a resource-intensive development model. Characterized by substantial
resource inputs, this model primarily generates simple primary goods, with production
sectors persistently marked by high consumption, high pollution, low added value, and
low efficiency. Such extensive growth patterns have significantly intensified pressures
on the ecological environment [1-3]. Currently, as China advances the comprehensive
Beautiful China initiative, tensions between industrial development in the Yellow River
Basin (YRB) and the demands of high-quality development strategies have become in-
creasingly pronounced. As a representative region, the basin has suffered from decades of
industrial pollution, continually exacerbating water resource stress [4], rendering industrial
restructuring an essential pathway for achieving high-quality development [3]. Since 2000,
optimization of industrial structure has been recognized as a core policy instrument for
environmental governance. Following the implementation of the 13th Five-Year Plan,
further priority has been accorded to industrial structure adjustment as a means of realizing
high-quality development. Within this context, determining how to reshape the industrial
structure and identifying effective approaches to achieve high-quality development have
emerged as central research questions across multiple disciplines.

The YRB is indispensable for safeguarding national economic growth, food security,
energy supply, and ecological stability. Nevertheless, challenges to water security in the
basin remain acute, characterized by stark east-west economic disparities and substantial
fluctuations in high-quality development levels among central cities [5]. Previous studies
have revealed marked spatial heterogeneity in high-quality development: cities in the
middle-upper reaches tend to exhibit lower composite development levels but higher sub-
system equilibrium (“low-level equilibrium”), whereas downstream regions possess higher
composite levels yet poorer subsystem equilibrium (“high-level imbalance”). Overall, the
basin suffers from pronounced developmental imbalances and deficiencies, coupled with
suboptimal high-quality development. Such regional disparities are particularly evident
across five key dimensions—innovation, coordination, green growth, openness, and shar-
ing [6]. Against this backdrop, industrial restructuring is regarded as a strategic mechanism
for stimulating economic growth and achieving high-quality development [7,8], represent-
ing a pivotal means of achieving both objectives simultaneously. Importantly, productive
water use imposes considerably greater stress on water resources than domestic use. In this
regard, economic expansion and industrial scaling constitute major drivers of pressure on
the water system, while improved industrial water efficiency and structural adjustments act
as critical mitigating factors [9]. Thus, implementing development strategies differentiated
to reflect local conditions—particularly through industrial restructuring—is essential for
enhancing basin water quality [8].

Accordingly, reconciling industrial sector expansion with environmental protection
remains a critical challenge in the YRB, with the industry—environment linkage receiving
sustained research attention. In particular, understanding the influence of spatiotemporal
industrial restructuring on water quality represents a key focus area. The role of indus-
trial upgrading in environmental remediation and high-quality development has become
increasingly prominent [10]. Industrial structure adjustment serves as a crucial lever for
promoting high-quality development, yet few studies have explored the relationship be-
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tween industrial structure and river basin water environments. This study aims to address
this gap and enrich the existing literature. Focusing on the response of water environments
to industrial structural evolution, the research first integrates recent industrial statistical
data, multi-period water quality monitoring records, and characteristic pollutant emission
data from the Yellow River Basin to establish a foundation for cross-dimensional correlation
analysis. Second, by comparing historical data, it traces the coupling patterns between
long-term industrial structural changes and water quality evolution. Finally, based on the
spatial distribution of key pollutants, it reveals the spatial differentiation of how regional
industrial structures affect water environments. The findings are expected to provide
empirical support—with both temporal continuity and spatial specificity—for optimizing
industrial structures and formulating precise water resource protection policies across large
river basins.

2. Materials and Methods
2.1. Data Collection and Sources

Quantitative assessment of industrial structural changes was conducted using the
proportion of tertiary industry output value to GDP as the core indicator. Primary data
included the output value of the tertiary industry, the gross industrial output value, and
total assets for eight provinces/autonomous regions within the YRB—Qinghai, Gansu,
Ningxia, Inner Mongolia, Shaanxi, Shanxi, Henan, and Shandong—covering the period
2000-2021. These datasets were obtained mainly from provincial statistical yearbooks
and the China Statistical Yearbook. As the YRB covers less than 4% of Sichuan Province’s
territory and no systematic data for this part were available, Sichuan was excluded from
the analysis. Historical water quality classification data for the YRB were extracted from
the China Ecological and Environmental Status Bulletin for the corresponding years.

2.2. Sample Collection and Analytical Testing

Summer, as the high-flow season in the Yellow River Basin, presents a distinctive
interaction between the pollutant dilution effect and the intensive emissions during the
industrial peak period. This interaction not only reflects the actual impact of industrial
activities on the aquatic environment but also demonstrates the buffering capacity of
the basin’s hydrological system against pollution. Such an “emission—dilution” coupling
pattern is highly representative in studies of environmental responses at the basin scale.
Therefore, based on the analysis of spatiotemporal industrial structural characteristics in
the YRB, twenty water samples were collected mainly along the mainstem of the YRB
in July 2023 to explore potential links between industrial structure with the water envi-
ronment (Figure 1). Sampling sites were categorized into three representative segments:
upper—-middle (Qinghai, Gansu, Ningxia), middle (Inner Mongolia, Shanxi, Shaanxi), and
middle-lower reaches (Henan, Shandong). The middle reach, being the industrial core
zone of the Yellow River Basin—encompassing coal, petroleum refining, and non-ferrous
metal smelting industries—represents a key area for investigating interactions between in-
dustry and water environment. Therefore, sampling density was increased in this segment.
Although fewer sampling sites were selected for the upper and lower reaches, they still
covered major industrial cities and ecological conservation areas, ensuring the validity of
the core relational analysis. The upper-middle reach segment comprised sites M01-MO03,
all within Lanzhou City. Due to its significant industrial concentration, the middle reach
segment included fourteen sites: M04-MO06 in Baotou City, Inner Mongolia; M07-M09
in Yulin City, Shaanxi Province; M10-M11 in Hancheng, Shaanxi; M12 in Yuncheng,
Shanxi; and M13-M17 covering Sanmenxia, Luoyang, and Gongyi in Henan Province.
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The middle-lower reach segment contained three sites: M18 in Tai’an, M19 in Zibo, and
M20 in Dongying, Shandong Province.
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Figure 1. Schematic diagram of sampling sites in the Yellow River basin.

Water samples were filtered through 0.45 pm membranes and subsequently analyzed
for heavy metals using ICP-MS (Agilent 7800, Santa Clara, CA, USA). To ensure analytical
reliability and accuracy, thodium (Rh), rhenium (Re), and thorium (Th) were used as
internal standards. The recovery ranges obtained were Rh: 90.1-120.9%, Re: 98.6-113.5%,
and Th: 93.9-107.7%, demonstrating that the analytical precision and reliability fell within
acceptable limits. Furthermore, parallel samples were analyzed to verify the repeatability
of metal detection.

NO,~, NO5~, and SO4%~ us-
ing an ion chromatograph (Dionex ICS-2000; Dionex Corporation, Sunnyvale, AC, USA).
Perchlorate was determined via liquid chromatography—-tandem mass spectrometry (Wa-
ters, Milford, MA, USA) equipped with a SynergiTM Max-RP reversed-phase column
(2.0 x 100 mm, 2.5 pum). The mobile phases comprised: (A) 0.1% formic acid in water

Filtered water samples were examined for F~, CI~,

and (B) methanol, delivered at 0.40 mL/min with a column temperature of 30 °C and an
injection volume of 10 puL, at a ratio of 50:50 (A:B). Additional MS parameters included:
capillary voltage 0.5 kV, source temperature 110 °C, desolvation gas temperature 500 °C,
desolvation gas flow rate 800 L/h, cone gas flow rate 50 L/h, and collision cell pressure
3.5 x 1073 mbar. Calibration curves ranged from 2.00 to 200 ug/L, with quantification
performed using the internal standard method.

2.3. Statistical Analysis

Industrial gross output value and total assets by sector can serve as partial indicators
of enterprise scale. However, due to significant variations in price levels over the years,
direct comparison of output value data from different years may result in substantial
deviations from the actual changes in industrial scale. To eliminate distortions arising
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from price fluctuations in assessing industrial scale, the GDP deflator was applied to adjust
cross-year output data for comparability [11]. Using 2000 as the base year, price deflation
was performed employing the GDP deflator values published by the National Bureau of
Statistics, according to the following formula:

Nominal Output Value
GDP Deflator

Real Output Value =

where the base year (2000) GDP deflator equals 1, calculated using the GDP deflator issued
by the National Bureau of Statistics. Annual GDP deflators are provided in Table 1.

Table 1. Deflator Indexes for Each Year Based on the 2000 Gross Domestic Product Data.

Year 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
Nominal Output Value 1 1020 1027 1053 1127 1171 1217 1362 164 1981 2550
year 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
Nommalljr?i‘tftl;m Value 5756 3048 3444 3936 4493 4557 4816 5269 588 6501 6797
Relying solely on industrial proportion metrics provides an incomplete representation
of the comprehensive optimization level of specific industrial structures. Therefore, this
study employed the industrial structure advancement index (C) to conduct an in-depth
assessment of the upper, middle, and lower reaches of the YRB (Table 2). The industrial
structure advancement index reflects the progression of industrial structures from lower to
higher levels, driven by technological advancement. It serves as a benchmark for evaluating
structural shifts and is defined by changes in inter-sectoral proportions [12]. Denoted as
C, a higher value indicates greater advancement in industrial structure. The analytical
formula is as follows: y
C=_2
Y2
where Y3 represents the value-added of the tertiary sector and Y, denotes the value-added
of the secondary sector.
Table 2. Industrial Optimization Levels of the Upper, Middle and Lower Reaches of the Yellow
River Basin.
2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022
Upper—middle reaches 0.832 0.819 0.699 0.825 0.761 0.762 0.799 0.919 1.188 1.345 1.511 1.203
Middle reaches 0.841 0.794 0.641 0.683 0.582 0.663 0.649 0.770 1.014 1.081 1.160 0.829
Middle-lower reaches 0.690 0.700 0.577 0.560 0.555 0.608 0.687 0.833 0.961 1.071 1.280 1.260

Based on measured pollutant concentrations at the sampling sites, we found that
some heavy metal elements were not detected at 20 sampling sites in the watershed. With
reference to the Environmental Quality Standards for Surface Water (GB 3838-2002) [13] and
the Standards for Drinking Water Quality (GB 5749-2022) [14], China. it was found that the
detection limits of all elements were far lower than their corresponding environmental
risk threshold values (e.g., detection limit of Bi < 0.1 ng/L). Therefore, elements with
concentrations below the detection limits were preliminarily ruled out. elements with con-
centrations below detection limits were initially excluded. The coefficient of variation (CV)
was subsequently calculated to identify metals exhibiting relatively high concentrations
and significant variability, namely Mn, Co, Ni, Cu, Zn, Se, Mo, Sb, As, Mg, Sr, and Ba. These
elements displayed substantial concentration fluctuations, indicative of potential localized
pollution hotspots. Although arsenic (As) is classified as a metalloid, it was retained owing
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to its pronounced ecotoxicity and bioaccumulation potential. In addition, Ni, As, Cr, and
Pb were selected for separate analysis as priority pollutants with confirmed carcinogenic
risks according to the classification criteria of the International Agency for Research on
Cancer (IARC). Given that several sampling sites were located within designated drinking
water source areas, measured pollutant concentrations were further compared against the
Standards for Drinking Water Quality (GB 5749-2022) [14] to identify exceedance parameters.

3. Analysis of Results
3.1. Characteristics of Industrial Structure Transformation in the Yellow River Basin

Following adjustment using the deflator index, the total economic output of the YRB
experienced substantial growth between 2000 and 2021 (Figure 2a). Gross Domestic Product
(GDP) expanded from 1.9898 trillion yuan to 23.3 trillion yuan, representing an approxi-
mately 11.7-fold increase. Industrial restructuring occurred in distinct phases: early-stage
growth was primarily driven by the secondary sector, whereas subsequent acceleration
was led by the tertiary sector, indicating phase-dependent drivers of regional economic
expansion. As shown in Figure 2b, the evolution of the industrial structure maintained
a secondary—tertiary—primary configuration for a defined period but underwent notable
compositional shifts. Since 2000, the primary sector’s share declined steadily from 17.68%
to 8.43%—a reduction of 9.25 percentage points—making it the slowest-growing sector. The
tertiary sector’s proportion increased steadily from 34.84% to 49.19%, exhibiting the most
pronounced annual growth rate. The secondary sector’s share remained within a central
range of ~45% over the long term, although showing a slight downward trend in recent
years. Overall, the YRB’s industrial structure has tended towards a tertiary—secondary—
primary arrangement, reflecting sustained tertiary sector advancement. Nevertheless, the
current tertiary share remains insufficient, highlighting the need for further strengthening
of the industrial base.
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Figure 2. Industrial Transformation in the Yellow River Basin. (a) Trend Chart of the Economic
Aggregate Changes in the Yellow River Basin from 2000 to 2021 after Adjustment. (b) Proportion
Chart of the Industrial Structure of the Yellow River Basin from 2000 to 2021.

An evaluation of industrial structure advancement (index C) was undertaken for the
upper—-middle, middle, and middle-lower reaches (Table 2). In 2000, the advancement
indices of the upper-middle and middle reaches were significantly higher than those of
the middle-lower reaches. The advancement index in the middle-lower reaches declined
continuously until 2008, when an inflection point was reached, after which accelerated
industrial restructuring prompted upgrading in this region. By contrast, the middle reach
displayed marked fluctuations, peaking at 1.160 in 2020 before dropping sharply to 0.829.
In recent years, industrial structure upgrading across the entire YRB has intensified, albeit
with pronounced regional disparities. In the middle reach, a stronger emphasis on shifting
industries towards the secondary sector rather than the tertiary sector directly contributed
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to the persistent decline in its advancement index. By 2022, the middle-lower reaches
had established a more balanced and rational industrial structure compared to the middle
reach. Although overall economic development in the upper-middle reach still lags behind
that of the middle-lower reaches, its industrial structure upgrading has proceeded at a
comparatively faster pace.

We further analyzed the industrial structure advancement index (C) for provinces
from the upper to lower reaches of the YRB (Figure 3). All provinces exhibited fluctuating
advancement levels; for example, Shanxi Province rose sharply to a peak in 2015 before
entering a gradual decline. With the exception of Henan and Shandong—where industrial
structures maintained a consistently upward trajectory—the remaining provinces displayed
unstable structural patterns over time. Nevertheless, long-term analysis indicates that
industrial structures across the YRB have undergone continuous adjustment since 2000,
with the advancement index showing an overall sustained improvement.
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Figure 3. Industrial structure upgrading levels of the provinces from the upper to lower reaches of
the Yellow River Basin, with (a) Qinghai, (b) Gansu, (c) Ningxia, (d) Inner Mongolia, (e) Shaanxi,
(f) Shanxi, (g) Henan and (h) Shandong, respectively.

3.2. Spatial and Temporal Distribution Characteristics of Typical Industries in the Yellow
River Basin

The total industrial assets in the middle-lower reaches were substantially greater than
those in the upper-middle reaches. Industrial enterprises were predominantly concentrated
in Shandong, Henan, and Shanxi. Over the study period, total industrial assets in the middle
reach increased, whereas those in the upper reach remained relatively stable or declined.
By sector, the secondary industry in the YRB comprised both traditional and strategic
emerging industries. Key regional industries were dominated by heavy chemical sectors
such as coal and oil extraction, as well as metal smelting, with the chemical industry in the
Shandong Peninsula urban cluster maintaining a consistently leading national position.

Petroleum processing, coking, and nuclear fuel manufacturing—representative sectors
within the YRB—exhibited substantial growth in recent years. Using this sector as an
example, Figure 4 depicts quinquennial changes in gross industrial output value from 2005
onwards (with 2019 data substituted for the Ningxia Hui Autonomous Region owing to
unavailability of 2020 data). Industrial manufacturing was concentrated primarily in the
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lower-reach Shandong region, with all other areas recording significantly lower output
values. Between 2005 and 2010, Shanxi (middle reach) and Shaanxi, together with Henan
(middle-lower reach), experienced rapid output growth, whereas other regions showed
only marginal increases. Following 2010, sectoral output values declined progressively
across all provinces. Similar rapid growth patterns were observed in ferrous metal smelting
and related processing sectors. The accelerated economic development of the YRB has
inevitably driven rapid expansion in manufacturing and processing industries as a whole.
Concurrently, the resulting industrial value-added has increased the basin’s pollution load,
imposing heightened environmental pressures on the region.
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Figure 4. Provincial changes in gross industrial output value of petroleum processing, coking and
nuclear fuel processing industry, 2005-2020 (Notation: The years numbered (a—d) are: 2005, 2010,
2015, 2019).

3.3. Historical Characteristics of Water Quality Changes in the Yellow River Basin

Based on water quality assessment data from national monitoring sections in the
YRB between 2001 and 2021, the proportional distribution of water quality classes was
compared at quinquennial intervals. Historical trends in water quality categories across
comparable sections are shown in Figure 5. The results reveal that water quality in the
YRB was relatively poor in 2001 but improved substantially by 2021. In 2001, Inferior Class
V water dominated the monitored sections, accounting for 56% of the total; Classes IV
and V made up most of the remaining sections, while Class I-1II (‘good-quality” water)
collectively accounted for only 12%. Over the 2001-2021 period, Class I-11I water displayed
a consistent upward trend across sections, except for a slight decline in proportion in
2016. The most pronounced improvement occurred during 2001-2006. By 2021, Class
I-1IT water accounted for 82% of comparable sections, Classes IV-V for 14%, and Inferior
Class V for 4%. Compared with 2001, the proportion of Class I-1II sections increased by
70 percentage points, while the proportion of Classes IV-V and Inferior Class V decreased
by 18 and 52 percentage points, respectively. Taken together, these changes indicate signifi-
cant progress in industrial restructuring and ecological conservation efforts throughout
the YRB.
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Figure 5. Comparison diagram of water quality assessment of state-controlled sections in the Yellow
River Basin every five years from 2001 to 2021. Note: Water quality classification is assessed in
accordance with GB 3838-2002.

3.4. Current Distribution Status and Pollution Characteristics of Anions and Heavy Metals in
Water Bodies at Cross-Sections Along the Main Course of the Yellow River

Under the hydrological conditions of the July 2023 flood season in the YRB, the
distribution of anion and heavy metal pollution exhibited significant spatial heterogeneity
(Figure 6). Pollution levels were consistently highest in the middle reach, particularly
at the Sanmenxia section (Henan Province), where all measured indices exceeded those
at other sampling sites. Spatial analysis identified the lowest anion and heavy metal
concentrations in the upper—middle reach, intermediate levels in the middle-lower reach,
and the highest levels in the middle reach. Monitoring data from all sites were categorized
into anions and heavy metals and visualized as stacked bar plots overlaid on the YRB map
(Figure 6). Elevated anion concentrations were primarily found in the middle-lower reach,
exhibiting a marked increasing trend downstream of Baotou, Inner Mongolia (Site M4), and
peaking at Sanmenxia, Henan (Site M13). Chloride (C17) and sulfate (SO4%~) dominated
the anion profiles, together accounting for over 90% of total measured ions. Conversely,
nitrite (NO, 7) and nitrate (NO3; ™) were minimal in the upper reach but increased abruptly
in the middle reach (Site M13), with NO, ™ levels rising nearly 50-fold before declining
sharply downstream. Nitrate concentrations stabilized at moderate levels following this
increase. Perchlorate (ClO,4 ™) exhibited a pronounced upward trend downstream of Taian,
Shandong (Site M18), increasing over ten-fold compared with upstream levels. Although
concentrations remained below regulatory thresholds, its persistence and potential for
chronic low-dose effects warrant targeted attention. Fluoride (F~) concentrations were
generally low throughout the basin, with a notable increase only at Site M13.

Heavy metals showing relatively high concentrations and pronounced variability
included Mn, Cu, Zn, Se, Mo, Mg, and Ba. Concentrations were lowest in the upper—
middle reach but increased markedly downstream of Baotou (Site M06), peaking at San-
menxia (Site M13). Eight elements—Co, Ni, Cu, Zn, Se, Mo, Sb, and Mg—exhibited the
steepest increases at Site M13, reaching their maximum levels. Manganese (Mn) was
rarely detected basin-wide, yet at Yuncheng, Shanxi (Site M12), concentrations surged to
115 pg/L—nearly 1000-fold higher than upstream values—requiring particular attention.
Arsenic (As) was ubiquitously detected but showed minimal spatial variation, with a slight
increase at Site M12. Strontium (Sr) concentrations varied little, with higher levels at Sites
M06-M08 and M12; barium (Ba) was the most abundant among the 12 metals, peaking at
Sites M15-M18. Overall, both anion and metal concentrations followed the spatial trend:
middle reach > middle-lower reach > upper-middle reach.
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Figure 6. Column stack diagram of pollutant concentrations at 20 sites sampled in 2023, where the
pictures, respectively, represent: (a) stack diagram of anion concentration, unit: mg/L; (b) stack
diagram of carcinogenic heavy metal concentration, unit: ug/L; (c) stack diagram of heavy metal
concentration, unit: pg/L.

Analysis of four carcinogenic heavy metals (Ni, As, Cr, Pb) indicated that Ni and As
were detectable throughout the basin, albeit at low concentrations. At Sanmenxia (Site
M13), Ni reached 6.6 ng/L—Dbelow the limit stipulated in China’s Standards for Drinking
Water Quality (GB 5749-2022) [14]—but remains of concern. Chromium (Cr) was mainly
detected in the middle-lower reach and absent upstream, while Pb was only found at low
concentrations in Yulin, Shaanxi (Site M8). Comparison with GB 5749-2022 identified NO, ™~
and NO;3 ™~ as the principal parameters with potential exceedance risk from a potability
perspective (Table 3).

Table 3. Comparison of sampling points with the Standard for Drinking Water Hygiene (mg/L).

Sampling Points City F- NO,~ NO;~ Se
M5 Baotou City — 1.46 — —
Mé6 Baotou City — 1.20 — —
M13 Sanmenxia City 1.09 15.09 14.87 0.04
M14 Sanmenxia City — 9.50 10.56 —
M15 Luoyang City — 3.54 — —
Mileé Luoyang City — 1.49 — —
M17 Gongyi City — 131 — —
M18 Taian City — 3.97 — —

4. Discussion

Given the vast geographical extent of the YRB, spanning multiple provinces and

supporting a dense concentration of diverse industrial enterprises, the interplay among
different sectors creates a highly complex set of factors influencing regional water qual-
ity [5,15]. Building on the results presented above, this study will further explore the
specific impacts of representative industrial sectors—namely coal processing, petroleum
refining, coking, and metal smelting—on basin-wide water quality. These industries are
of particular interest because of their potential contribution to heavy metal contamination
and toxic anion pollution within the YRB.
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4.1. Historical Characteristics of Industrial Structure Changes in the Yellow River Basin and Their
Impact on the Water Environment

Just like other major river basins, historical shifts in the industrial structure of the YRB
have had a significant impact influence on its aquatic environment (Figure 7). Specifically,
expansion of the primary and secondary sectors has shown clear negative feedback effects
on water quality, whereas growth in the tertiary sector has had a negligible impact. In
contrast, the industrial structure optimization index (C) demonstrated a notably positive
effect on YRB water quality.
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Figure 7. Heatmap of Correlation Between Industrial Structure and Water Quality in the Yellow
River Basin.

Current research on strategic emerging industries in the YRB remains exploratory [16].
According to the White Paper on High-Quality Industrial Development in the Yellow River Basin,
overall industrial development quality in the YRB lags behind the national average, yet
its rate of improvement is comparatively rapid. For decades, mining, energy, and heavy
chemical industries have dominated a low-value-added industrial framework, leading
to substantial depletion of water resources and persistent environmental pollution [17].
This high-water-consumption industrial pattern not only exacerbates water scarcity but
also imposes considerable pressure on the basin’s ecological systems [18]. Consequently,
optimization and upgrading of the regional industrial structure represent critical path-
ways for reconciling ecological conservation with high-quality economic growth in the
YRB [19]. Previous studies have identified high-water-consumption sectors—particularly
agricultural irrigation, energy extraction, and mineral processing—as primary drivers of
aquatic environmental degradation. Earlier research suggested that water consumption
per unit of value-added output is markedly lower in industrial and tertiary sectors than in
agriculture, implying that structural adjustments within the primary sector could alleviate
water resource stress. However, our findings indicate that, within the YRB, the secondary
sector exerts a stronger negative impact on water quality than the primary sector. This dis-
crepancy can likely be attributed to the substantially higher output value of the secondary
sector, the influence of which overshadows the impact of primary sector fluctuations on
basin-wide water quality trends. Therefore, improving water quality in the YRB will likely
require substantial structural reform within the secondary sector [20,21]. For example,
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non-ferrous metal smelting and processing—industries, extensively examined in prior
studies—release pollutants including Pb, Cd, As, Hg, Cr, Zn, Cu, and Nj, all of which have
significant impacts on the aquatic environment of the basin [22-24].

Between 2001 and 2020, the absolute output value increased across all three industrial
sectors in the YRB, accompanied by a general upward trend in industrial wastewater gen-
eration [25]. Despite this, water quality continued to improve, primarily due to expanded
wastewater treatment capacity, higher treatment rates, and stricter discharge controls. Spatial
correlations between industrial agglomeration and pollution emissions also contributed to this
trend. Empirical evidence suggests that industrial agglomeration can, to some extent, mitigate
industrial wastewater pollution, implying that the promotion of industrial clustering may
partially ease environmental pressures. In addition, basin-wide implementation of stringent
environmental regulations, emission standards, and management practices has curtailed
pollutant discharge and accumulation [26]. Some studies have noted that environmental
management measures can temporarily inhibit industrial upgrading, potentially reducing
emission-reduction efficiency [27]. This dynamic likely explains the initial stagnation or even
decline in industrial optimization levels observed in the middle-lower reaches of the YRB.
Nevertheless, in the long term, such interventions are expected to strengthen pollution control
and promote the restoration of aquatic ecosystems throughout the basin.

4.2. Spatial Characteristics of Industrial Structure Changes in the Yellow River Basin and Their
Impact on the Water Environment

Drivers of water resource stress vary substantially across regions. Consequently,
historical evolution patterns of the YRB alone provide limited insight into the precise
impacts of industrial restructuring on aquatic environments. The basin’s industrial profile
is dominated by heavy sectors such as coal and oil extraction and metal smelting [28]. In
the upper reaches, ecological fragility coexists with relatively underdeveloped industrial
and economic systems. In contrast, traditional industries in the middle-lower reaches
face delayed transformation and upgrading, coupled with insufficient endogenous growth
momentum. Overall, industrial structures remain largely labor- and capital-intensive, with
a comparatively low proportion of technology-intensive manufacturing. Notable disparities
in industrial composition and transition dynamics exist between the upper-middle and
middle-lower reaches [29], underscoring pronounced regional heterogeneity in industrial
restructuring. In general, development levels are higher in the middle-lower reaches than
in the upper-middle reaches [30], reflecting considerable spatial variability in industrial
structure across the basin.

The main stream of the YRB serves as the core carrier for the industry-water environment
connection and constitutes the main concentrated area for industrial layout within the basin.
Heavy metal pollution in the basin is ultimately transported and flows into the main stream
via tributaries; therefore, the water quality of the main stream can comprehensively reflect the
cumulative environmental effects of industrial activities across the entire basin. To examine
potential linkages between industry and water quality, we correlated pollutant concentrations
at 20 mainstream sampling sites with 2021 sectoral industrial assets across YRB provinces.
Analysis of anions for ten key sectors (Figure 8) identified C1~ and SO4>~ as dominant, with
relatively low concentrations in the upper—middle reaches but a marked increase at Site M04
(Inner Mongolia). Distinct rises in other anions were observed at Site M13 (Sanmenxia, Henan),
which borders Yuncheng (Shanxi) and lies downstream of Weinan (Shaanxi), suggesting that
upstream pollutants may accumulate. Rapid surges in anion concentrations in these areas
likely correspond to industrial activities in Henan, Shanxi, and Shaanxi. Spatial mapping of
ferrous/non-ferrous mining output revealed higher production in the upper-middle reaches,
yet anion levels at Sites M1-M3 remained low, indicating minimal direct linkage with these
sectors. C1~ and SO4?~ rose sharply in Inner Mongolia and sustained elevated levels down-
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stream; spatial alignment with coal mining, petroleum processing, non-metallic products, and
ferrous metal industries suggests potential associations. Patterns of other anions appear more
strongly related to non-ferrous metal processing and non-metallic industries, with secondary
associations to petroleum and coal extraction. Previous studies on the Yangtze River Delta
region have confirmed that such highly polluting industries are a key driver behind the rise in
water pollutant concentrations [31].
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Figure 8. Spatial Relationship Map of Anion Concentrations at Sampling Points and Provincial Industrial
Total Assets by Sector in 2021 Sectors are listed in the following order: (a) Petroleum and Natural Gas
Extraction. (b) Petroleum Processing, Coking, and Nuclear Fuel Processing. (c) Coal Mining and Wash-
ing. (d) Metal Products Manufacturing. (e) Ferrous metal mining and beneficiation. (f) Ferrous metal
smelting and rolling. (g) Non-ferrous metal mining and beneficiation. (h) Non-ferrous metal smelting
and rolling. (i) Non-metallic mineral mining and beneficiation. (j) Non-metallic mineral products.
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Heavy metal distributions were further assessed against the same ten sectors (Figure 9).
Ferrous metal mining is concentrated in the upper-middle reaches but contributes
marginally to total industrial output; correspondingly low heavy metal pollution suggests it
may not be a priority for basin-wide industrial adjustment. Among elements showing spa-
tial variability, Cu, Se (notably exceeding regulatory limits), and Mo exhibited pronounced
surges at Site M13, while Mn peaked sharply at Site M12 (Yuncheng, Shanxi). The spatial
concordance between o0il/gas extraction activities and peak Mg concentrations at M12
indicates a significant association between this industry and Mg pollution. Simultaneous in-
creases in Cu, Se, Mo, and carcinogenic Ni at M13—downstream of Shaanxi/Shanxi—align
with upstream hotspots of coal/oil processing and non-metallic mining. Strong overlaps be-
tween non-metallic mining output peaks and tri-element (Cu/Se/Mo) concentration surges
point to wastewater discharge from this sector as a likely contributor to contamination [21].

The remaining carcinogenic heavy metals—As, Cr, and Pb—displayed relatively low
spatial variability across the basin, with only a slight elevation in As concentrations detected
at Site M12. Although current levels of these metals are below established drinking water stan-
dards, the potential synergistic effects of combined exposure, together with bioaccumulation
risks within aquatic food chains, merit more comprehensive investigation [32-35]. Previous
studies have demonstrated that co-exposure to multiple heavy metals can elicit significantly
greater toxicological impacts compared to individual exposures [36,37]. Additional evidence
indicates that combined exposure to Pb, Cd, As, and Hg can lead to extensive multi-organ
damage [38,39]. Furthermore, in riverine ecosystems, bioaccumulation through trophic trans-
fer may represent a more critical exposure pathway for As and other heavy metals than direct
ingestion via drinking water [40,41]. These findings underscore the importance of continuous
monitoring and stringent regulation of high-risk elements—particularly As and Pb—in fluvial
environments [40]. Source analysis revealed that arsenic-bearing wastewater predominantly
may originates from mining and smelting of As-rich ores, improper disposal of residues,
and coal combustion [42]. Pb contamination was primarily linked to industrial effluents
from mining, smelting, and associated activities [42,43]. Spatial correlation patterns suggest
that the modest rise in As at M12 may be attributed to coal and petroleum extraction and
processing activities. Cr detections, concentrated in the middle-lower reaches, were spatially
aligned with non-metallic mineral mining and processing, metal product fabrication, and
non-ferrous smelting operations. Pb was detected exclusively at M8 (Yulin, Shaanxi), and its
spatial association with oil/gas extraction and coal mining points to effluent discharges from
these sectors as the probable source (Figure 9).

Notably, despite the concentration of high-output industries—particularly metal and
non-metal product manufacturing—in the middle-lower reaches (e.g., Shandong Province),
no corresponding surges in heavy metal contamination were detected. This finding chal-
lenges conventional assumptions that industrial expansion inevitably leads to water quality
deterioration [9]. Specifically, although industrial output in these downstream areas substan-
tially exceeds that of the upper—middle reaches, heavy metal and anion pollution levels do
not exhibit proportional increases. In fact, certain downstream sections demonstrate supe-
rior water quality compared to midstream stretches. Socioeconomic metrics indicate that
middle-lower regions possess higher industrial sophistication indices and advanced urban
development levels relative to upstream segments. Conversely, resource-dependent cities
in the upper-middle and midstream zones underperform in key high-quality development
indicators such as economic openness and shared prosperity [44]. Taken together, these
observations suggest that enhanced industrial quality in downstream regions may mitigate
pollution pressures typically associated with industrial scaling. A study focusing on industrial
wastewater treatment provides some support for the findings of this research. It demonstrates
that industrial restructuring can exert a significant influence on water pollution through
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optimizing sectoral composition, reconfiguring spatial layouts, and enhancing operational
efficiency [45]. This indicates that regional industrial restructuring may be a key factor in
counteracting the water quality pressures arising from industrial expansion, thereby achieving
the objectives of “increased production without increased pollution” or “increased production
with reduced emissions”. It also partly explains the coexistence of high economic output with
relatively lower levels of heavy metal pollution in the middle and lower reaches.
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Figure 9. Spatial relationship of heavy metals at Sampling Points and Provincial Industrial Total Assets
by Sector in 2021 Sectors are listed in the following order: (a) Petroleum and Natural Gas Extraction.
(b) Petroleum Processing, Coking, and Nuclear Fuel Processing. (c) Coal Mining and Washing. (d) Metal
Products Manufacturing. (e) Ferrous metal mining and beneficiation. (f) Ferrous metal smelting and
rolling. (g) Non-ferrous metal mining and beneficiation. (h) Non-ferrous metal smelting and rolling,.
(i) Non-metallic mineral mining and beneficiation. (j) Non-metallic mineral products.
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4.3. Limitations

Due to the complexity of socio-ecological system research and the limitations of data
availability, this study inevitably has certain constraints that require further refinement
in the future. First, all inferences regarding the correlation between industrial structure
and pollutant distribution are based on the hydrological conditions and sampling carried
out during the high-flow season of the Yellow River in July 2023. In addition, the study
recognizes an inherent scale mismatch between provincial-level industrial data and point-
based water quality measurements. This discrepancy may cause minor “data spill-over”
effects; however, we mitigated this issue by carefully selecting representative sampling
sites. Nevertheless, we suggested that future research should adopt industrial data at the
municipal level to improve scale matching, enabling a more accurate alignment with the
spatial scope of sampling sites. Furthermore, we shall broaden our sampling scope to
encompass multiple seasons, including both drought periods and periods of normal flow.
By integrating multiple factors such as hydrology, environmental conditions, and policy
measures, we would conduct a comprehensive, multidimensional examination of this issue
to systematically elucidate the impact of industrial activities upon the aquatic environment.

5. Conclusions and Recommendations

This study shows that the characteristics of water pollution in the Yellow River Basin
(YRB) are closely linked to the spatial distribution of industrial structure, with specific
heavy metals (Cu, Se, Mo, Mn, Ni) showing marked correlations with regional industrial
composition and spatial arrangements. The principal conclusions are as follows: (1) The
upper reaches, characterized by smaller industrial scales and stricter water environmen-
tal protection policies, currently display lower pollution pressures and may not require
priority remediation. (2) The midstream regions exhibit pronounced surges in multiple
pollutants: Mn concentrations are spatially associated with petroleum extraction, while
notable increases in Cu, Se, Mo, and Ni at Site M13 (Sanmenxia) coincide with intensive
coal/petroleum processing and non-metallic mineral mining concentrated in these areas.
(3) In contrast, high-output industrial clusters (e.g., metal/non-metal manufacturing in
Shandong Province) show only modest increases in pollution levels, challenging the con-
ventional “output-driven pollution” paradigm. This implies that industrial upgrading,
sectoral structure optimization, and enhanced regional high-quality development can facil-
itate “production growth without a proportional increase in pollution.” Specifically, the
middle-lower reaches appear to offset the scale effect of industrial expansion through
advanced development capacity. Moreover, the upper-middle reaches—with lower to-
tal output but a higher share of secondary industries—may offer greater flexibility for
industrial upgrading in developing regions.

However, effective water quality management in the Yellow River Basin (YRB) must
more comprehensively address the multifactorial complexities involved and fully recognize
the research significance of regional industrial characteristics: (1) Composite pollution risks
are substantial: although concentrations of individual carcinogenic heavy metals (e.g., Pb,
As, Cr, Ni) currently fall below regulatory thresholds, the simultaneous presence of these
metals in environmental matrices warrants detailed investigation into possible synergis-
tic toxic effects and bioaccumulation hazards. (2) Pronounced regional heterogeneity is
evident in both pollution sources—such as Cr associated with smelting/manufacturing
activities in mid-lower reaches and Pb linked to coal/oil extraction—and in driving fac-
tors, including environmental policy stringency, technological capacity, and demographic
characteristics. These disparities underscore the need for spatially differentiated control
strategies. Specifically, the middle reaches, as an industrial core zone, should implement a
dual-track management strategy of “controlling emission intensity + promoting industrial
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upgrading”. For high-pollution industries such as coal and non-ferrous metal smelting in
the middle reaches, pollutant emission intensity should be incorporated into local govern-
ment assessment systems, replacing the traditional “total emission control” approach to
avoid a one-size-fits-all policy that restrains reasonable industrial growth. In view of the
characteristics of high output and low pollution in the lower reaches, a policy of “experience
promotion + collaborative protection” should be implemented. Key mechanisms should be
summarized and promoted throughout the basin. A “lower-middle reaches transboundary
water quality early warning mechanism” should be established: real-time monitoring
points should be set up at the boundary sections. When water quality indicators (e.g., Mn,
Cu) exceed the threshold, an emergency response for industrial emission reduction in
the middle reaches will be triggered to prevent upstream pollution transmission from
affecting the “low-pollution” pattern in the lower reaches. For the ecologically sensitive
areas in the upper reaches, a bottom-line management strategy of “restricting industrial
activities + protecting ecology” should be implemented. Entry of high-energy-consuming
and high-polluting industries in the upper reaches should be strictly restricted, and only
industries compatible with ecological protection (such as clean energy and eco-tourism)
are allowed. (3) Long-term trends are valuable: historically shaped resource endowments
and urban development trajectories serve as stable reference points for assessing and
forecasting high-quality development. Thus, the status of water pollution in the YRB is
intrinsically linked to local environmental policies, the level of industries technological,
and demographic composition. These factors not only dictate the severity of pollution
but also play a decisive role in guiding the optimization and restructuring of industrial
systems. Future research should elucidate how temporal trends can be leveraged for effec-
tive policy formulation and implementation and systematically evaluate the successes and
shortcomings of urban environmental governance, thereby offering a reference framework
for integrated basin management worldwide.
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