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1- Introduction

Heavy metal contamination in aquatic environments has become a pressing environmental concern, largely
due to the toxic, persistent, and bioaccumulative nature of these elements (Ahmed et al., 2024; Arnous &
Hassan, 2015). Rivers exposed to discharges from industrial operations, urban development, and
agricultural runoff frequently exhibit elevated levels of hazardous metals such as arsenic (As), lead (Pb),
nickel (Ni), chromium (Cr), copper (Cu), zinc (Zn), iron (Fe), and manganese (Mn). The Karun River, as
one of Iran’s primary freshwater sources, is notably vulnerable, particularly due to the rapid pace of
industrial and urban expansion in and around the city of Ahvaz.

While conventional field sampling remains a robust method for detecting contamination, it often lacks
the temporal and spatial coverage required for large-scale assessments. Recent advances in satellite remote
sensing offer powerful alternatives, enabling the integration of spatially continuous imagery with
geochemical data to support more comprehensive environmental monitoring.

2- Materials and methods

2-1- Study Area

Located in southwestern Iran, the Karun River serves as a critical water source for agriculture, industry,
and urban consumption. Sediment samples were collected from 10 strategically selected stations (S1-S10)
in February 2024, based on their proximity to major pollution sources, including industrial zones,
residential areas, and farmlands.

2-2- Sediment Sampling and Laboratory Analysis

Surface sediments from each station were collected under standardized conditions, stored appropriately,
and analyzed using Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES).
Concentrations of eight metals, including As, Pb, Ni, Cr, Cu, Zn, Fe, and Mn, were quantified.

2-3- Satellite Data Collection and Processing

Remote sensing data were obtained from Landsat 8 (OLI/TIRS) and Sentinel-2 (MSI) platforms for the
sampling timeframe. Preprocessing included geometric and atmospheric corrections, followed by co-
registration. Specific band combinations and spectral indices were employed to extract reflectance features
relevant to sediment metal content.
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2-4- Image Fusion Techniques

To enhance spatial and spectral clarity, four image fusion techniques were applied: Gram-Schmidt
Transformation (GST), Brovey Transformation (BT), Principal Component Spectral Sharpening (PC), and
NNDiffuse Pan Sharpening (NND) (Pohl & Van Genderen, 2016). Their effectiveness was evaluated based
on their predictive performance for heavy metal concentration mapping.

2-5- Statistical Analysis and Spatial Modeling

Pearson correlation coefficients were computed to explore the relationships between satellite band values
and metal concentrations. Regression models were then constructed, and their accuracy assessed using Root
Mean Square Error (RMSE) and Mean Absolute Error (MAE). Spatial distribution maps for each metal
were generated based on the highest-performing model and imagery set

3- Results and discussions
3-1- Heavy Metal Levels Across Sampling Sites
Metal concentrations varied substantially across stations and, in many cases, exceeded natural background
levels:
e As:7.4to16.1 ppm (background: 2.5 ppm)

Pb: 6 to 12 ppm (background: 5.3 ppm)
Ni: 32 to 74 ppm (background: 41 ppm)
Cr: 14 to 26 ppm (background: 34 ppm)
Cu: 6 to 12 ppm (background: 11.1 ppm)
Zn: 49 to 119 ppm (background: 28 ppm)
Fe: 13,461 to 24,186 ppm (background: 11,000 ppm)
Mn: 336 to 495 ppm (background: 353 ppm)

Stations located near urban and industrial regions (e.g., S2, S5, S10) exhibited notably higher
contamination, suggesting localized pollution hotspots.

3-2- Spectral Correlations with Metal Concentrations

Significant correlations emerged between satellite spectral bands and certain heavy metal concentrations.
Sentinel-2 Band 3 (green) demonstrated strong relationships with Zn, Fe, and Ni, indicating its potential
utility in sediment contamination assessment. Among the fusion techniques, BTM PCM and NND methods
frequently yielded stronger correlations.

3-3- Predictive Accuracy and Validation
Regression models using fused images often outperformed those relying on individual spectral bands:
e Best RMSEs: Cr (0.30), Ni (0.10), Zn (0.27), Mn (0.56), Pb (0.027), Cu (0.11), As (0.028), Fe
(14.00).
e Best MAEs: Cr (0.20), Ni (0.08), Zn (0.02), Mn (0.96), Pb (0.045), Cu (0.13), As (0.020), Fe
(24.83).

Image fusion proved particularly effective for Zn, Pb, Cu, and As, whereas original bands provided more
accurate predictions for Fe, Cr, Mn, and Ni. Sentinel-2 data consistently outperformed Landsat 8, primarily
due to its higher spatial resolution.

3-4- Spatial Trends and Source Attribution

The distribution maps highlighted concentrated areas of contamination near industrial complexes, urban
zones, and farmland. These patterns strongly suggest that industrial discharges, urban runoff, and
agricultural inputs are the principal contributors to sediment contamination.

4- Conclusion

This study demonstrates the efficacy of integrating satellite remote sensing with traditional geochemical
analysis to assess sediment contamination in complex environments. Key insights include:
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e Satellite imagery, especially when enhanced through image fusion, provides a reliable means of
predicting heavy metal concentrations, reducing reliance on exhaustive field surveys.

e Fusion techniques, such as Brovey, significantly improved spatial accuracy for metals such as Zn,
Pb, Cu, and As.

e Sentinel-2 imagery outperformed Landsat 8 in resolution and correlation strength.

e Environmental remediation efforts should prioritize contamination hotspots, particularly in
industrial regions near Ahvaz.

e The methodology presented here is scalable and can be applied to other river systems for ongoing
environmental monitoring and policy support.
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Station As Cr Pb Ni Fe Zn Cu Mn
Detection
Limt L) %3 1 1 1 100 1 1 5
S1 7.4 45 12 119 21,199 60 10 101
S2 16.1 84 9 54 21,306 57 9 96
s3 8.4 20 6 55 18,489 57 6 120
sS4 12.1 24 8 63 24,186 72 8 122
S5 138 26 7 71 22,982 69 7 131
S6 9.6 22 7 54 20,517 61 7 101
7 8.6 21 11 44 15,490 38 11 88
S8 14.4 14 6 30 13,461 32 6 49
S9 9.3 24 6 54 19,522 57 6 101
S10 9.6 23 8 62 24,112 74 8 104
Min 7.4 14 6 30 13461 32 6 49
Max 16.1 84 12 119 24186 74 11 131
Mean 1093 303 8 60.6 20,126 577 7.8 101.3
TEL Values 5.9 373 35 18 - 123 35.7 -
PEL Values 17 90 91.3 36 - 315 197 -
Background =, ¢ 34 5.3 41 11000 28 11.1 353
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Table 3. Correlation coefficients between heavy metals and selected satellite bands

Metal L8 B2 L8 B3 L8 B4 S2B B2
Zn -0.012 0.318 0.226 0.482
Ni -0.010 0.375 0.336 0.483
Fe -0.054 0.433 0.414 0.466
Pb -0.074 0.165 0.157 0.170
Cu -0.166 0.132 0.035 0.585
Cr -0.309 0.024 -0.025 0.036
Mn -0.173 0.134 0.102 0.270
As 0.087 -0.061 0.065 -0.383

GST Bl GST B2 GST B3 PC Bl
Zn 0.495 0.487 0457  -0.253
Ni 0.495 0.493 0.455 -0.098
Fe 0.482 0.473 0434  -0.136
Pb 0.188 0.165 0.150  -0.036
Cu 0.583 0.591 0.578 -0.282
Cr 0.047 0.046 0.008 0.263
Mn 0.269 0.281 0260  -0.026
As 0377  -0386  -0.385 0.076

Input Images

S2B B3 S2B B4 BT Bl BT B2 BT B3
0.489 0.391 0.491 0.485 0.450
0.601 0.567 0.468 0.519 0.456
0.579 0.554 0.456 0.499 0.433
0.193 0.169 0.179 0.167 0.151
0.571 0.464 0.560 0.597 0.591
0.192 0.135 0.017 0.071 0.026
0.384 0.354 0.226 0.311 0.286
0395 0397  -0.354 -0.391 -0.407
PC B2 PC B3 NND BI NND B2 NND B3
-0.502  -0.588 0.435 0.501 0.466
10335 -0.458 0.450 0.500 0.471
0382 -0.496 0.453 0.480 0.459
-0.177  -0.233 0.197 0.186 0.168
0454 -0.520 0.481 0.605 0.558
0.105  -0.030  -0.018 0.055 0.018
-0.097  -0.178 0.202 0.277 0.256
0.194 0.251 -0.318 -0.387 -0.370
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Table 4. Validation metrics (%RMSE and MAE) of the heavy metal maps

The map of the studied heavy metals based on the first highest correlation values

Zn Ni Fe

RMSE 0.2696 0.1014 14.0676

MAE 0.0238 0.0824  24.8350

Cu Cr Mn As

0.0469 0.1376  0.3017  1.0199 0.0285

0.1307  0.2020 0.9604 0.0202

The map of the studied heavy metals based on the second highest correlation values

Zn Ni Fe

RMSE 0.3544 0.1589  57.5871

MAE 03065 0.1482  50.9673

0.0228

Cu Cr Mn As

0.1107  0.3659 0.5642 0.0356

0.0974  0.2804 0.4911 0.0346
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Fig. 2. The best output maps of the studied heavy metals: (a) As map, (b) Cr map, (c) Cu map, (d) Fe map, (¢) Mn map,
(f) Ni map, (g) Pb map, and (h) Zn map
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