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Large-scale copper-gold mining in Mimika generates tailings that interact with the Ajkwa River system
and may influence aquatic geochemistry. This study integrated paired water-sediment sampling, laboratory
metal(loid) analysis, censor-aware interpretation of non-detect water data, and spatial modeling. Twenty
paired surface-water and sediment samples were collected at identical coordinates. In-situ pH and
dissolved oxygen (DO) were measured, while water Cu, As, and Hg were analyzed by atomic absorption
spectrometry and sediment Cu and As by X-ray fluorescence. Water pH ranged from 7.49 to 7.78 and
DO from 5.41 to 6.59 mg L—1. All water-phase metals were below laboratory reporting limits with no
RL-based exceedance of the relevant Class III/IV criteria. Sediment Cu ranged from 805.74 to 1,644.79
mg kg—1 and As from 104.62 to 471.55 mg kg—1. IDW cross-validation showed stronger performance
for As (R? = 0.965; RMSE = 22.25; MAE = 16.05 mg kg—1) than Cu (R? = 0.391; RMSE = 148.73; MAE
= 86.10 mg kg—1). The interpolated surfaces represent model estimates, not direct measurements. All
sediment Cu and As values exceeded freshwater PECs, but these represent screening-level indications
rather than formal ecological risk. The findings support sediment-focused monitoring and validated

spatial assessment in the Ajkwa River Basin.
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INTRODUCTION

Mine tailings can act as long-term sources of
potentially toxic metal(loid)s, with environmental impacts
shaped by mineralogy, hydrology, particle size, redox
conditions, and contaminant retention or remobilization
(Granger et al., 2022; Kolarova & Napiorkowski, 2021).

Sediments can retain spatially heterogeneous metal loads

influenced by texture, organic matter, and depositional
processes (Nazir et al., 2024). They also function as sinks and

secondary contaminant sources, depending on speciation,
mineral hosts, grain size, redox conditions, and bioavailability
(Luoma, 1983; Rainbow, 2007; Viininen et al., 2018).
Metal(loid)s stored in sulfides, Fe/Mn oxides, and other
reactive phases may be remobilized under changing
geochemical conditions (Doherty et al., 2021; Lee et al., 2010;
Toevs et al., 2000). Spatial variability in mining-affected rivers

may reflect source proximity, particle sorting, hydrodynamics,
and depositional processes (Cuevas et al., 2023; Granger et al.,
2022; Tian et al., 2024). Metal(loid)s may also persist over
substantial distances according to particle and geochemical
characteristics (Cuevas et al., 2023; Doherty et al., 2021).
The Ajkwa River system in Mimika Regency, Central

Papua, is influenced by one of the world’s largest copper-gold
mining districts. Previous studies have documented mining-
related riparian and coastal disturbance (Alonzo et al., 2016)

as well as ecosystem changes associated with acid mine
drainage and tailings/non-tailings materials in the ModADA
sedimentation area (Taberima et al., 2020). However, a paired

water-sediment framework that simultaneously distinguishes
censored water-phase observations from measured sediment
spatial
performance remains limited. GIS can support contaminant
discrete

concentrations and  validates interpolation

mapping  between sampling  stations, but
interpolation method, sampling density, and parameter
selection can substantially affect prediction uncertainty (Qiao
et al., 2018; Wen et al., 2022).

Recent geospatial studies further emphasize the

importance of accounting for spatial heterogeneity and
validating model or remotely sensed outputs to reduce

prediction errors and false positives (Jewell et al., 2024; Yang
& Jia, 2024). Another methodological concern is the
treatment of non-detect laboratory data, because substituting
censored values with zero or fixed fractions of detection
limits can distort descriptive statistics and spatial patterns
(Helsel, 20006). Accordingly, this study integrates paired water-

sediment measurements, censor-aware interpretation of
water-phase Cu, As, and Hg, and cross-validated spatial
characterize

modeling of sediment Cu and as to

environmental patterns, evaluate uncertainty, and distinguish

measured geochemical gradients from reporting-limit effects

and model-derived surfaces.

METHODS
Study area and sampling design

Field sampling was conducted on 19 June 2026 in the
Ajkwa River Basin, Mimika Regency, Central Papua, using
purposive sampling. Twenty paired water (A01-A20) and
sediment (S01-S20) stations were established at identical
coordinates. Water was sampled at 0.30-0.50 m depth, while
sediment represented surface tailings/sandy material.
Coordinates wete projected to WGS 84 / UTM Zone 538
(EPSG:32753), and spatial modeling was restricted to the

sampled river corridor.
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Figure 1. Sampling locations of the 20 paired water-
sediment stations in the Ajkwa River corridor. The plot is
coordinate-based and does not represent a formal watershed

boundary

Field measurements and laboratory analysis

At each water station, pH and dissolved oxygen
(DO) were measured in situ, while Cu, As, and Hg were
analyzed by AAS at PT SUCOFINDO Makassar Branch.
EPA Methods 2009 and 245.1 were used only as
methodological reference points because laboratory
certificate numbers, instrument details, and SOP identifiers
were unavailable (U.S. Environmental Protection Agency,
1994a, 1994b). Sediment Cu and As were analyzed by XRF at
the Mining Engineering Laboratory, Universitas Hasanuddin,
with SW-846 Method 6200 as a technical reference (U.S.

Environmental Protection Agency, 2007). Sediment Hg data

were unavailable. Because detailed QA/QC documentation
was not available, no analytical procedures beyond those
explicitly documented were inferred.
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Reporting limits, censored data, and water-quality
benchmarks

All water Cu, As, and Hg concentrations were below
laboratory reporting limits (RLs): 0.01-0.02 mg L.—1 for Cu,
0.001-0.002 mg L—1 for As, and 0.0008-0.0009 mg L—1 for
Hg. The results were treated as left-censored intervals (0 < C
< RL) without substitution (Helsel, 2000). Screening followed
Indonesian Government Regulation No. 22 of 2021 for Class

III/IV watet-quality criteria (Government of Indonesia,

2021), with interpretation limited to whether the reporting
intervals remained below the relevant benchmarks.

Spatial analysis and cross-validation

Spatial processing and IDW interpolation were
performed using Python 3.12. Spatial processing used WGS
84 (EPSG:4326) and WGS 84 / UTM Zone 53S
(EPSG:32753), with distance-based interpolation performed
in UTM coordinates. Quantitative interpolation was limited
to sediment Cu and As within the sampled river corridor.
IDW parameters were optimized using leave-one-out cross-
validation by testing power values of 1.0-3.0 and 3-19 nearest
neighbors; the selected model used power = 2.5, six
neighbors, and a 50 m grid based on the lowest LOOCV prediction
error (Qiao et al., 2018; Wen et al., 2022). Model performance
was evaluated using RMSE, MAE, ME, and R2.

Descriptive, exploratory, and sediment-screening
analyses

Descriptive statistics included minimum, maximum,
mean, median, and standard deviation, while Spearman and
Pearson correlations assessed sediment trends and Cu-As co-
variation. These analyses describe spatial patterns without
implying causal downstream transport. Sediment Cu and As
were compared with freshwater PECs of 149 and 33 mg
kg—1, respectively (MacDonald et al., 2000). These
benchmarks are screening tools rather than site-specific

toxicity criteria and should be interpreted alongside
bioavailability, sediment chemistry, and biological evidence

(Burton, 2002; Vidninen et al., 2018). They do not represent

an Indonesian regulatory classification.

RESULT AND DISCUSSION
Sampling characteristics, pH, and dissolved oxygen
The 20 paired stations formed a narrow north-south
sampling corridor. Surface-water pH ranged from 7.49 to
7.78, with a mean of 7.60 £ 0.08. DO ranged from 5.41 to
6.59 mg L—1, with a mean of 6.05 * 0.34 mg L—1. All pH
values fell within the Class I1I/IV range of 6-9, and all DO
values exceeded the Class III minimum of 3 mg L—1 and the
Class IV minimum of 1 mg L—1. The ordered station

sequence shows a general decline in pH after local variation
in the first five stations and a general increase in DO after the
minimum observed at AO2. Because hydrological and tidal
covariates were not measured, these patterns are reported
descriptively rather than interpreted as effects of tailings.

Surface-water pH across sampling stations
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Figure 2. Surface-water pH measured at stations AO1-A20

Surface-water dissolved oxygen across sampling stations
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Figure 3. Dissolved oxygen measured at stations A01-A20

Table 1. Coordinates and in-situ surface-water

measurements at the 20 paired stations

Station  Longitude Latitude pH DO
pair (mg
L-1

A01/S0  136°53'35.393"  4°30'21.348" 7.78  5.64

1 E S

A02/S0  136°53'34.255"  4°30'43.558" 7.7 541
2 E S

A03/S0  136°53'34.600"  4°30'56.935" 7.63  5.62
3 E S

A04/S0 136°53'39.884"  4°31'13.293" 7.58  5.62
4 E S

A05/S0 136°53'45.010"  4°31'30.231" 7.78 5.82
5 E S

A06/S0  136°53'55.819"  4°31'49.555" 7.65 5.79
6 E S 8 3
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A07/S0  136°54'06.632"  4°32'06.483" 7.64 5.85 A02 <0.01 <0.001 <0.0008 No Rl.-based
7 E S 6 exceedance
A08/S0  136°54'11.756"  4°32'27.024" 7.63  5.90 A03 <0.01 <0.001 <0.0008 No Rl.-based
8 E S 4 7 exceedance
A09/S0  136°54'13.884"  4°32'42.484" 7.62 5.96 A04 <0.02 <0.001 <0.0009 No RL-based
9 E S 2 4 exceedance
A10/S1  136°54'12.032"  4°33'07.232" 7.61 6.02 A05 <0.01 <0.001 <0.0008 No Rl.-based
0 E S 1 exceedance
Al11/S11  136°54'23.552"  4°33'21.330" 7.59 6.07 A06 <0.01 <0.001 <0.0008 No Rl.-based
E S 8 8 exceedance
A12/S1  136°54'18.366"  4°33'33.966" 7.58 6.13 A07 <0.01 <0.002 <0.0008 No RL-based
2 E S 6 5 exceedance
A13/S1  136°54'21.694"  4°33'52.,708" 7.57 6.19 A08 <0.01 <0.001 <0.0008 No RlL-based
3 E S 4 2 exceedance
A14/S1  136°54'19.658"  4°34'09.513" 7.56 6.24 A09 <0.01 <0.001 <0.0008 No RlL-based
4 E S 2 9 exceedance
A15/S1  136°54'18.944"  4°34'26.308" 7.55 6.30 A10 <0.02 <0.001 <0.0008 No RlL-based
5 E S 6 exceedance
A16/S1  136°54'16.611"  4°34'44.616" 7.53 6.36 A1l <0.01 <0.001 <0.0009 No RlL-based
6 E S 8 3 exceedance
A17/S81  136°54'19.615"  4°34'53.979" 752  6.42 A12 <0.01 <0.001 <0.0008 No RlL-based
7 E S 6 exceedance
A18/S1  136°54'17.378"  4°35'06.857" 7.51  6.47 Al3 <0.01 <0.001 <0.0008 No RL-based
8 E S 4 7 exceedance
A19/S1  136°54'18.091"  4°35'20.060" 7.50  6.53 Al4 <0.01 <0.002 <0.0008 No RL-based
9 E S 2 4 exceedance
A20/S2  136°54'26.076"  4°35'28.676" 7.49  6.59 A1l5 <0.02 <0.001 <0.0009 No RlL-based
0 E S 1 exceedance
Al6 <0.01 <0.001 <0.0008 No Rl.-based
Cu, As, and Hg in surface water exceedance
All water Cu, As, and Hg results were left-censored. A17 <0.01 <0.001 <0.0008 No RL-based
Cu was <0.01 mg L—1 at 16 stations and <0.02 mg L—1 at exceedance
A04, A10, A15, and A19; As was <0.001 mg L—1 at 17 Al8 <0.01 <0.001 <0.0008 No Rl.-based
stations and <0.002 mg L—1 at A07, Al14, and A19; and Hg exceedance
was <0.0008 mg L.—1 at 16 stations and <0.0009 mg L—1 at A19 <0.02 <0.002 <0.0009 No RL-based
A04, A11, A15, and A19. All reporting intervals were within exceedance
the Class III/IV benchmarks, so no exceedance was A20 <0.01 <0.001 <0.0008 No Rl.-based
demonstrated, although true concentrations cannot be exceedance

assumed to be zero.

Table 2. AAS results for surface water. All values are left-
censored at laboratory reporting limits (RLs)

Station Cu As (mg Hg Screening  vs
(mg L-1) (mg Class III/IV
L-1) L-1)

A01 <0.01 <0.001  <0.0008 No  RL-based

exceedance
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Reporting-limit classes for left-censored surface-water metal(loid) data
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Figure 4. Spatial distribution of reporting limits for water
Cu, As, and Hg; symbols indicate thresholds, not
concentration gradients.

Cu and As in sediment

Sediment XRF showed greater variability than water-
phase data, with Cu ranging from 805.74 to 1,644.79 mg kg—1
(mean 1,064.81 £ 195.61 mg kg—1) and As from 104.62 to
471.55 mg kg—1 (mean 343.94 + 121.50 mg kg—1). Cu peaked
at S07 and reached its minimum at S09, whereas As peaked at
S09 and declined to its minimum at S20. These contrasting
patterns may reflect differences in sediment texture,
mineralogy, organic matter, hydrodynamic sorting, and
depositional conditions, as metal(loid) retention varies among
Fe/Mn oxides, sulfide minerals, and other reactive phases
(Doherty et al., 2021; Lee et al., 2010; Viidninen et al., 2018).

However, these mechanisms remain tentative because

relevant sediment and hydrodynamic properties were not
measured. Along the station sequence, Cu (Spearman o =
—0.759, p < 0.001) and As (p = —0.854, p < 0.001) showed
significant negative monotonic trends, while Cu and As were
moderately positively associated (Pearson r = 0.532, p =
0.016; Spearman o = 0.612, p = 0.004), indicating partially
shared but distinct spatial controls.

Sediment Cu measured by XRF
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Figure 5. Sediment Cu concentrations measured by XRF at
stations S01-S20

Sediment As measured by XRF
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Figure 6. Sediment As concentrations measured by XRE at
stations S01-S20

Table 3. Sediment Cu and as measured by XRF. The two
station blocks are presented side by side to conserve space.

Sediment Hg data were unavailable.

Station Cu As (mg Station Cu As
(mg kg—1) (mg (mg
kg—1) kg-1) kg-1)

So01 123497 43436  S11 1004.66 3806.83

S02 1001.70  457.31  S12 993.27  355.47

S03 1019.52  449.06  S13 981.89  324.11

S04 1121.53 42823  S14 970.51  292.76

S05 1343.06 442.24  S15 959.12  261.40

S06 1313.98 393.47  S16 947.74  230.05

S07 1644.79 468.22  S17 936.35  198.69

S08 1149.65 469.89  S18 92497  167.33

S09 805.74 47155  S19 91359 13598

S10 1126.88 407.17  S20 902.20  104.62

Sediment IDW performance and spatial surfaces
Leave-one-out cross-validation showed substantially
stronger spatial predictability for As than Cu. Cu produced
RMSE = 148.73 mg kg—1, MAE = 86.10 mg kg—1, mean
error = —14.32 mg kg—1, and R?* = 0.391, whereas As
produced RMSE = 22.25 mg kg—1, MAE = 16.05 mg kg—1,
mean error = 0.94 mg kg—1, and R*> = 0.965. This indicates
that the IDW model reproduced the As pattern more
consistently, while Cu was affected by strong local variability
around S07-809. Residuals ranged from —446.92 to 366.35
mg kg—1 for Cu and —34.82 to 62.27 mg kg—1 for As, with
the largest absolute residuals at SO7 for Cu and S06 for As.
The small mean errors suggest limited directional bias, while
the larger Cu errors confirm weaker predictive performance.
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Table 4. Leave-one-out cross-validation metrics for the
selected sediment IDW configuration

Analy Pow Neighb RMS MA Mea R?
te er ors E E n

(mg (mg error
kg—1 kg— (mg
) D)

Cu 2.5 6 148.7 86.1 —14. 0.39

3 0 32 1
As 2.5 6 2225 160 094 096
5 5

Spatial interpolation of sediment metal(loid)s (IDW: power = 2.5; 6 neighbors)
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Figure 7. IDW surfaces for sediment Cu and As (power =
2.5; six neighbors), representing model estimates within the
sampled corridor

Screening comparison with sediment effect benchmarks

All sediment Cu and As concentrations exceeded
freshwater PECs, by 5.4-11.0 times for Cu and 3.2-14.3 times
for As. Mean exceedances were approximately 7.1 and 10.4
times, respectively. These results indicate screening-level
concern only, not site-specific toxicity or formal ecological
risk. The benchmarks do not account for Ajkwa-specific
mineralogy, sediment binding phases, or bioavailability
(Burton, 2002; MacDonald et al., 2000).

Table 5. Sediment Cu and As compared with freshwater
PECs (MacDonald et al., 2000); exceedance indicates
screening concern, not formal ecological risk
Anal Obser Mea Freshw Stati Observed/
yte ved n ater ons > PEC range
range (mg PEC PEC

(mg  kg-1 (mg
kg-) ) kg-)

Cu 80574 1,064 149 20/20  5.4-11.0%
- 81
1,644.7
9

As 10462 3439 33 20/20 3.2-14.3%
- 4
471.55

Water Cu, As, and Hg were below reporting limits,
while sediment Cu and As remained high. Sediments can
retain persistent metal signals (Granger et al., 2022; Kolarova
& Napiorkowski, 2021; Nazir et al., 2024), although XRF
concentrations do not indicate full bioavailability (Luoma,
1983; Rainbow, 2007; Vidninen et al., 2018). Arsenic may
also be remobilized under changing redox conditions
(Doherty et al., 2021; Lee et al., 2010; Toevs et al., 2000).

Significance of the sediment Cu and As concentrations
All sediment Cu and As concentrations exceeded
freshwater PECs, which are screening rather than formal
ecological-risk thresholds (MacDonald et al., 2000). These
guidelines should not be used as stand-alone regulatory

criteria because toxicity depends on site-specific conditions
(Burton, 2002).
proximity, particle sorting, hydrodynamics, and deposition

Spatial variability may reflect source

(Cuevas et al., 2023; Granger et al., 2022; Tian et al., 2024).

Tailings particles may also be redistributed after deposition
(Granger et al., 2022). Differences between Cu and As may
reflect distinct mineral or sorption phases (Doherty et al.
2021), while As mobility is influenced by microbial and redox
processes (Lee et al., 2010). These mechanisms cannot be
resolved from bulk XRF data alone.

Spatial modeling: what the maps can and cannot show

Cross-validation is necessary because smooth

interpolation may still perform pootly (Qiao et al., 2018), and

sampling density can affect accuracy (Wen et al., 2022). As
showed stronger IDW performance (R? = 0.965; RMSE =
22.25; MAE = 16.05 mg kg—1) than Cu (R? = 0.391; RMSE
= 148.73; MAE = 86.10 mg kg—1), requiring greater caution
for Cu. Water metals were not interpolated because all
observations were non-detects and substitution could create
artificial gradients (Helsel, 2000).

Relationship to previous environmental studies in
Mimika

The study extends previous work in Mimika through
paired  water-sediment

geochemistry.  Mining-related

landscape changes have been identified using satellite data
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(Alonzo et al., 2010), while tailings-related ecosystem changes
have been reported in ModADA (Taberima et al., 2020).
Although sources cannot be confirmed, the spatial patterns

support future source-apportionment studies. Pollution
indices require careful reference selection (Birch, 2023), while

enrichment factors can help distinguish lithogenic and
anthropogenic contributions (Loska & Wiechuta, 2003).

Strengths and limitations

The study benefits from paired water-sediment
sampling, consistent coordinates, censor-aware water-metal
interpretation, and cross-validated interpolation. However,
single-period sampling and the absence of grain-size,
mineralogical, organic-carbon, pore-water, speciation, and
sediment Hg data limit mechanistic interpretation of Cu and
as patterns. Reproducibility is also constrained by incomplete
QA/QC  details, including AAS mode,

preservation, instrument, SOPs, standards, blanks, duplicates,

laboratory

and detection limits.

CONCLUSION

The Ajkwa River dataset demonstrates a clear
contrast between surface-water and sediment conditions.
Surface-water pH and DO remained within the Class II1/TV
reference ranges, while Cu, As, and Hg were below laboratory
reporting limits, indicating no RL-based exceedance of the
cited water-quality criteria. In contrast, sediment XRF analysis
revealed substantially higher Cu and As concentrations, with
pronounced spatial variability along the sampling corridor.
IDW
predictive performance between the two analytes, with As
showing high spatial stability (R*> = 0.965; RMSE = 22.25 mg
kg—1; MAE = 16.05 mg kg—1), whereas Cu showed lower
predictability (R* = 0.391; RMSE = 148.73 mg kg—1; MAE =
86.10 mg kg—1). All sediment Cu and As concentrations

cross-validation  confirmed markedly different

exceeded freshwater PECs, but only as screening-level
indications, not formal ecological risk. The study highlights
the value of paired water-sediment data, censor-aware
interpretation, and cross-validated spatial modeling. Future
studies should include multi-season sampling, hydrological
and sediment characteristics, metal speciation, and more

complete QA/QC.
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