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A B S T R A C T

Hydrocarbon contamination in tropical river sediments is often assessed using polycyclic aromatic hydrocarbons 
(PAHs), although PAH only approaches can compress petroleum weathering, plant wax dilution and mixed 
anthropogenic source histories into broad pyrogenic classes. This study presents a national PAH–aliphatic hy
drocarbon source disentanglement and Hydrocarbon Risk Surveillance Index (HRSI) framework for Ghanaian 
river sediments, based on 168 surface sediment records from 21 rivers across six operational basin systems, four 
reach positions and two hydrological seasons. For the first time at national river basin scale in Ghana, EPA-16 
PAHs are integrated with C10–C35 n-alkanes, pristane/phytane, carbon preference index, terrigenous/aquatic 
ratio, unresolved complex mixture fractions, exploratory PCA/HCA, constrained non-negative latent source 
classification and HRSI screening to separate petroleum weathering signals from combustion source signals. 
Basin scale hydrocarbon burden followed the surveillance priority order Ankobra > Pra > Coastal > Volta 
> Tano > Bia. PAH diagnostic ratios classified most samples as pyrogenic dominant, whereas aliphatic bio
markers and latent source fractions identified additional weathered-petroleum, mining-urban, traffic- 
combustion, biomass-combustion and terrestrial-biogenic signatures. Risk was spatially compressed: 114 sam
ples were low risk, 40 were moderate, 12 were high and 2 were severe, with severe dry season records at the 
Densu estuary and Ankobra midstream. The results identify sediment capture, especially in depositional or low 
gradient reaches, as a critical process by which petroleum weathering and combustion signals are converted into 
local high risk hotspots. Mining pressure, urban traffic pressure and depositional reach position were positively 
associated with hydrocarbon burden and HRSI class, but the observational design and collinearity among urban 
land use, road density and population density require interpretation as associations rather than causal effects. 
The study provides a testable basis for basin prioritised hydrocarbon surveillance in Ghana.

1. Introduction

Hydrocarbon contamination in riverine and estuarine sediments re
mains a persistent environmental concern because sediments act 
simultaneously as sinks, reaction media, and historical archives of pe
troleum, combustion, urban, industrial, transport, mining, and biomass 

burning inputs. Polycyclic aromatic hydrocarbons (PAHs) are particu
larly important because many are hydrophobic, particle reactive, envi
ronmentally persistent, and toxicologically relevant, while petroleum 
derived aliphatic hydrocarbons, including n-alkanes, isoprenoids and 
unresolved complex mixtures, provide additional molecular evidence 
for petroleum residues, weathering, biodegradation and organic matter 
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sources. Recent sediment studies continue to show that PAH distribu
tions alone are commonly interpreted through diagnostic ratios, multi
variate statistics and ecological risk indices, but source discrimination 
becomes stronger when PAHs are integrated with aliphatic markers and 
spatial risk mapping [1–4]. For example, recent work on subtropical and 
tropical sediments has combined PAH occurrence, source apportion
ment and ecological risk assessment to distinguish combustion domi
nated inputs from local petroleum contributions and to identify priority 
monitoring zones.

In Ghana, the relevance of hydrocarbon fingerprinting is heightened 
by the structure of the national drainage network and the diversity of 
anthropogenic pressures intersecting the major basins. The Volta, 
Southwestern and Coastal basin systems connect mining belts, urban 
centres, transport corridors, agricultural landscapes, wetlands and 
coastal depositional zones, creating multiple pathways for petroleum 
residues, combustion derived PAHs, biomass burning products and in
dustrial hydrocarbons to accumulate in aquatic sediments. Existing 
Ghanaian evidence has documented PAHs in the Densu River basin and 
Fosu Lagoon, while recent offshore work has combined aliphatic and 
PAH fingerprints with probabilistic source and risk assessment [5–7]. 
These studies provide important local, lagoonal, coastal or offshore ev
idence, but they do not provide a nationally integrated river sediment 
dataset that combines EPA− 16 PAHs, aliphatic biomarkers, UCM 
structure, source classification and screening level risk across major 
Ghanaian basins. Consequently, three critical questions remain unre
solved: whether Ghanaian river sediments exhibit distinct national 
PAH-aliphatic hydrocarbon fingerprints; whether PAH diagnostic ratios 
alone are sufficient for source discrimination under mixed tropical 
catchment conditions; and which basins or reaches should be prioritised 
for long term ecological risk surveillance.

This paper therefore moves beyond conventional contaminant 
measurement toward national molecular source screening. PAH diag
nostic ratios remain useful for first order discrimination between pet
rogenic and pyrogenic sources, but they may be ambiguous where 
petroleum residues, biomass burning, traffic emissions, industrial com
bustion, sediment transport, weathering and mixed source deposition 
occur together. Recent studies reinforce this limitation by increasingly 
pairing diagnostic ratios with principal component analysis, receptor 
style source apportionment, ecological risk quotients, toxic equivalent 
assessment and spatial mapping [3,4,8–10]. Aliphatic biomarkers also 
require cautious interpretation because CPI, TAR, pristane/phytane and 
UCM can be modified by source facies, biodegradation, organic matter 
mixing, sediment texture and hydrodynamic sorting. For this reason, the 
present study treats both PAH ratios and aliphatic indices as comple
mentary evidence layers rather than definitive source fingerprints. The 
2024 study on PAHs and n-alkanes in polluted estuarine water and 
sediments demonstrates the value of integrating aromatic and aliphatic 
hydrocarbons for source and ecological risk interpretation [3]. Simi
larly, a West African mangrove sediment study from Ifiekporo Creek, 
Nigeria, used GC–MS, isomeric ratios and multivariate statistics to infer 
mixed pyrogenic and petrogenic PAH inputs, illustrating the regional 
relevance of combined molecular and statistical source screening for 
sediment management [2]. The main innovation is not the general 
observation that PAH only source diagnosis can be limited. Rather, the 
contribution is the first national level PAH-aliphatic source disentan
glement assessment of Ghanaian river sediments, in which 
petroleum-weathering/UCM signals and combustion derived PAH sig
nals are evaluated together across competing basins, reach positions and 
seasons. This formulation also identifies sediment capture in lower 
depositional or transitional reaches as a process that converts catchment 
inputs into spatially compressed risk hotspots.

Positive matrix factorisation (PMF) is also important for hydrocar
bon source apportionment because it estimates non-negative source 
profiles and contributions while incorporating uncertainty information 
and residual diagnostics, thereby reducing subjectivity compared with 
diagnostic ratio only interpretation [17,27]. In this study, PMF is 

discussed as a benchmark receptor modelling framework, while the 
implemented constrained non-negative latent fraction model is used as a 
screening analogue suitable for the dual PAH-aliphatic matrix and the 
available sample size. Accordingly, this study aims to construct a na
tional PAH-aliphatic hydrocarbon fingerprint atlas for Ghanaian river 
sediments; identify basin, reach and season dependent source patterns; 
compare diagnostic ratio classifications with latent source classifica
tions; map screening level ecological risk classes across major river 
systems; and propose a practical monitoring template for Ghana and 
comparable tropical basins. Four testable expectations guided the 
analysis: higher pressure mining and urban basins would show higher 
ΣPAH16, BaP-TEQ, total aliphatic burden and UCM fractions than lower 
pressure basins; PAH diagnostic ratios would classify many samples as 
pyrogenic but would not fully separate traffic, biomass, mining urban 
and petroleum weathering signals; downstream and depositional rea
ches would show higher hydrocarbon burden than upper/reference 
reaches; and dry season samples would show stronger concentration of 
sediment associated hydrocarbons than wet season samples.

2. Materials and methods

2.1. Study area and national sampling design

This study was designed as a national sediment hydrocarbon source 
disentanglement survey across Ghana’s major river systems. Ghana’s 
drainage network is commonly described within three principal outlet 
domains; the Volta, Southwestern and Coastal domains but the present 
study used six operational basin systems to preserve hydrological and 
management meaning at the scale of sampling and interpretation. The 
Bia, Tano, Ankobra and Pra were treated separately because they are 
hydrologically independent Southwestern basins with different mining, 
urban, agricultural and depositional contexts; grouping them into a 
single Southwestern class would have hidden the strong Ankobra-Pra 
mining-urban signal and the lower burden Bia/Tano endmembers. The 
Coastal system was retained as an operational class for short, indepen
dent coastal rivers such as the Densu, Ayensu and Kakum because they 
share a coastal outlet setting, short catchment length, urban/traffic in
fluence and estuarine depositional behaviour, although they are not 
interpreted as one hydrologically connected river basin. This rationale is 
reflected in Fig. 1d and the Supplementary Information. The national 
network therefore comprised 21 rivers, six operational basin systems 
and four reach classes: upper/reference reaches, mid-catchment agri
cultural or mining influenced reaches, urban-industrial or transport 
corridor reaches, and lower depositional/estuarine reaches. Sampling 
was conducted in both dry and wet seasons to capture seasonal contrasts 
in runoff mobilisation, combustion derived atmospheric deposition, 
urban wash-off, sediment resuspension and depositional focusing. Sta
tion level pressure covariates were extracted within a common 1 km 
buffer around each sampling point because the study sought to test local 
near channel pressure on surface sediment fingerprints rather than to 
model whole catchment pollutant loads. The 1 km buffer captures 
proximal road runoff, riparian urbanisation, mining disturbance, bank 
side fuel handling and local land use inputs that can directly influence 
deposited surface sediment. A catchment scale analysis would be valu
able for flux estimation, but it was not used as the primary covariate 
framework here because catchment sizes, flow routing and upstream 
retention differ strongly among the 21 rivers and would mix regional 
background pressure with the local depositional signal targeted by this 
sediment survey. These covariates were therefore used as local pressure 
indicators for statistical association, not as direct measurements of basin 
scale hydrocarbon discharge rates.

2.2. Sediment collection and preservation

At each station, surface sediment was collected from the biologically 
and geochemically active upper layer of the bed sediment, 
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corresponding to approximately 0–5 cm depth. Where channel 
morphology permitted, five to seven sub-samples were taken across a 
depositional micro-reach using pre-cleaned stainless steel tools and 
composited to obtain a representative sample. Coarse debris, leaves, 
shells, visible plastics and stones were removed in the field without 
disturbing the fine sediment fraction. Field duplicates, equipment blanks 
and procedural field blanks were included to assess sampling precision 
and contamination control. All sediment samples were transferred into 
pre-combusted amber glass containers with solvent rinsed aluminium 
foil lined caps. Samples were stored on ice in the field, transported to the 
laboratory under cooled conditions, and kept at ≤ 4 ◦C for short-term 
storage or frozen at − 20 ◦C until processing. Before extraction, sedi
ments were freeze dried or oven dried at low temperature, homogenised, 
sieved, and stored in solvent rinsed glassware. Moisture content, grain 
size and total organic carbon were determined for normalisation and 
interpretation because hydrocarbon accumulation in sediments is 
strongly controlled by fine particle abundance and organic-matter 
content.

2.3. Hydrocarbon extraction, fractionation and instrumental analysis

Hydrocarbons were extracted from dried and homogenised sediment 
aliquots using one harmonised primary protocol to avoid method driven 
differences among basins. Approximately 10 g of dry sediment was 

spiked with deuterated PAH surrogates and aliphatic recovery stan
dards, mixed with pre-combusted anhydrous sodium sulphate, and 
extracted by pressurised fluid extraction following USEPA Method 
3545 A principles [25]. The extraction solvent was n-hexane:dichloro
methane (1:1, v/v), with two static extraction cycles, nitrogen purge and 
solvent-rinsed collection vessels. Where repeat or validation extracts 
were produced by ultrasonic or Soxhlet extraction, those runs were used 
only for QA/QC comparability checks and were not mixed with the 
primary concentration matrix unless they passed the same blank, re
covery and duplicate precision criteria. This clarification is important 
because different extraction routes can alter recoveries and apparent 
UCM abundance. The crude extract was concentrated under a gentle 
nitrogen stream and cleaned by column chromatography using activated 
silica gel and alumina. The aliphatic fraction was eluted first with 
n-hexane, and the aromatic fraction was then eluted with 
dichloromethane:n-hexane. Elemental sulphur, where present, was 
removed using activated copper. Quality assurance and quality control 
covered the full workflow from field collection to instrumental report
ing. Field duplicates, equipment blanks and field blanks evaluated 
collection precision and external contamination; procedural and method 
blanks evaluated laboratory contamination; matrix spikes, surrogate 
standards and internal standards evaluated recovery and matrix effects; 
continuing calibration checks and laboratory reference materials eval
uated instrumental stability. Multi-point calibration was required for all 

Fig. 1. National sampling architecture and hydrocarbon forensic design. National scale sampling design used for hydrocarbon source disentanglement of Ghanaian 
river sediments. (a) Spatial distribution of the 21 river systems grouped into six operational basin systems: Volta, Pra, Ankobra, Tano, Bia and Coastal. Bia, Tano, 
Ankobra and Pra are treated separately because they are hydrologically independent Southwestern basins, whereas short independent coastal rivers are grouped 
operationally because they share coastal outlet and depositional behaviour. (b) Sampling architecture showing four reach positions and two hydrological seasons. (c) 
Conceptual workflow linking field sediment, PAHs, n-alkanes/UCM, diagnostic ratios, latent source classification and HRSI. (d) Basin systems versus dominant 
pressure classes used to justify the operational grouping.
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target PAHs and n-alkanes, with quantification accepted only when 
calibration, blank and continuing check evidence were internally 
consistent. Limits of detection and quantification were defined from low 
level standard/blank variability and signal-to-noise verification, with 
LOQ treated as the lowest level suitable for quantitative reporting. The 
expanded QA/QC verification matrix in Supplementary Table 9 f now 
records the calibration, blank, recovery, precision and reporting status 
checks used to avoid unsupported numerical claims. QA/QC outcomes 
were retained in the dataset rather than hidden: 168 of 168 expected 
sediment records were obtained, 156 records were graded A and 12 were 
graded B, 165 records passed method blank review, mean surrogate 
recovery was 86.8% (median 86.7%; range 66.7–107.1%), mean 
duplicate RPD was 12.6% (median 11.7%; range 1.8–25.9%), PAH 
detection limits were 0.01–0.05 ng g⁻¹ dry weight and n-alkane detec
tion limits were 0.02–0.10 ng g⁻¹ dry weight (Supplementary Table 9). 
Method-blank review flags and Grade B records were retained trans
parently, so downstream source and risk interpretation reflects residual 
analytical uncertainty rather than presenting a falsely perfect dataset. 
This full process reporting structure follows recent contaminant moni
toring practice in which blanks, detection limits, calibration perfor
mance, matrix effects, recovery and precision are reported together 
rather than as isolated QA/QC statements [27,28].

The aromatic fraction was analysed for the 16 priority PAHs 
commonly used in environmental monitoring: naphthalene, acenaph
thylene, acenaphthene, fluorene, phenanthrene, anthracene, fluo
ranthene, pyrene, benz[a]anthracene, chrysene, benzo[b]fluoranthene, 
benzo[k]fluoranthene, benzo[a]pyrene, indeno[1,2,3-cd]pyrene, 
dibenz[a,h]anthracene and benzo[g,h,i]perylene. Quantification was 
performed by gas chromatography-mass spectrometry in selected-ion 
monitoring mode using multi-point calibration and internal standard 
correction [26]. The complete EPA− 16 PAH concentration matrix is 
provided in Supplementary Table 2. The aliphatic fraction was analysed 
for resolved C10–C35 n-alkanes and isoprenoids, especially pristane and 
phytane. Resolved n-alkanes and isoprenoids were quantified against 
homologous standards, while the unresolved complex mixture was 
quantified by integrating the chromatographic hump above the baseline 
after subtraction of resolved peak areas. The UCM fraction was calcu
lated as: 

UCM fraction =
UCM area

UCM area + resolved aliphatic hydrocarbon area
(1) 

A high UCM fraction was interpreted as evidence consistent with 
weathered, biodegraded or chronically introduced petroleum residues, 
following petroleum geochemical interpretation principles [7,11,12]. 
Because UCM may also be influenced by matrix complexity and degra
dation state, it was not used alone as proof of petroleum input. The 
complete aliphatic, isoprenoid and UCM dataset is provided in 
Supplementary Table 3.

2.4. PAH diagnostic ratios

PAH diagnostic ratios were calculated to provide first-order source 
interpretation. The following ratios were used: 

ANT
ANT + PHE 

FLT
FLT + PYR 

BaA
BaA + CHR 

IP
IP + BghiP 

LMW PAHs
HMW PAHs

(2) 

where ANT = anthracene, PHE = phenanthrene, FLT 
= fluoranthene, PYR = pyrene, BaA = benz[a]anthracene, CHR 
= chrysene, IP = indeno[1,2,3-cd]pyrene and BghiP = benzo[g,h,i]per
ylene. Low molecular weight PAHs were defined as two to three ring 
compounds, while high molecular weight PAHs were defined as four to 
six ring compounds. The diagnostic ratios were interpreted using 
established petrogenic-pyrogenic thresholds but not treated as definitive 
source evidence because PAH ratios may be altered by weathering, 
photodegradation, sediment sorting, combustion temperature vari
ability and source mixing [13,14]. Ratio based interpretation was 
therefore used as a screening layer and subsequently compared with 
latent source classifications.

2.5. Aliphatic biomarker indices

Aliphatic hydrocarbon indices were calculated to provide an inde
pendent petroleum and organic matter source domain. The pristane/ 
phytane ratio was used to evaluate petroleum maturity, redox history 
and biodegradation influence, although it was interpreted cautiously 
because Pr/Ph may vary with source facies and alteration history [12]. 
The carbon preference index for higher plant wax hydrocarbons was 
calculated over the C₂₅–C₃₃ range as: 

CPI25− 33 = 0.5
[
C25 + C27 + C29 + C31 + C33

C24 + C26 + C28 + C30 + C32

⃒
⃒
⃒
⃒
C25 + C27 + C29 + C31 + C33

C26 + C28 + C30 + C32 + C34

]

(3) 

Values substantially above unity were interpreted as stronger odd 
carbon number dominance and greater higher-plant wax contribution, 
whereas values approaching unity were interpreted as more petroleum- 
like, thermally mature or degraded signatures [12,15].

The terrigenous/aquatic ratio was calculated as: 

TAR =
C27 + C29 + C31

C15 + C17 + C19
(4) 

where high TAR values indicate greater higher-plant wax input and 
low values indicate stronger aquatic, algal, microbial or petroleum 
related lower chain hydrocarbon influence [16]. Additional indicators 
included the ratio of low to high molecular weight n-alkanes and the 
UCM fraction. These aliphatic indices were interpreted jointly and 
cautiously because plant wax input, petroleum maturity, biodegrada
tion, sediment sorting and organic carbon dilution can all modify the 
same biomarker ratios.

2.6. Dual-domain source apportionment framework

Source attribution was performed using a dual domain source 
screening framework integrating aromatic and aliphatic molecular evi
dence. The aromatic domain included individual PAHs, ring-class dis
tributions and diagnostic ratios. The aliphatic domain included 
C10–C35 n-alkane homologues, Pr/Ph, CPI, TAR, UCM fraction and 
LMW/HMW n-alkane structure. Before multivariate analysis, concen
trations below detection limits were replaced by one-half of the com
pound specific detection limit, variables were log10(x + 1) transformed 
where concentration distributions were highly skewed, and variables 
were autoscaled before multivariate classification. Observed molecular 
evidence and model-derived source labels were kept analytically sepa
rate during interpretation.

Principal component analysis and hierarchical cluster analysis were 
used only as exploratory tools to identify basin groupings, co-varying 
hydrocarbon assemblages and reach specific fingerprints. Source frac
tions were then estimated using a constrained non-negative matrix 
factorisation latent-fraction model. Candidate solutions containing three 
to seven components were compared using residual structure, 
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interpretability, bootstrap stability and agreement with independent 
basin and pressure metadata. The five-component solution was retained 
because it gave interpretable and stable classes corresponding to 
biomass combustion, traffic combustion, mining–urban mixed input, 
terrestrial-biogenic input and petrogenic input. The source classes are 
therefore reported as screening level latent signatures rather than 
definitive proof of single physical sources. This approach builds on 
receptor-modelling principles developed for environmental source 
apportionment, including PCA/HCA, PMF and NMF frameworks 
[17–19], and extends recent Ghanaian hydrocarbon-forensic work 
applying Bayesian source apportionment to aliphatic and PAH 
contamination in offshore sediments [7]. PMF was not selected as the 
primary fraction engine because the study objective was screening level 
latent classification from a combined PAH-aliphatic matrix rather than 
definitive quantitative receptor apportionment with a fully developed 
site-specific uncertainty matrix. Nevertheless, PMF principles guided the 
non-negativity constraint, component interpretability checks, residual 
review and bootstrap style stability screening. The model output is 
therefore presented as source class surveillance evidence.

2.7. Ecological risk screening

Ecological risk was evaluated using the Hydrocarbon Risk Surveil
lance Index (HRSI), a composite surveillance metric designed to rank 
sites and basins for monitoring priority. HRSI is explicitly a screening 
tool, not a regulatory threshold, toxicity standard or site-specific 
ecological effect prediction. It combines three evidence components 
that represent different hazard dimensions: ΣPAH16 burden (overall 
priority PAH load), BaP-equivalent toxicity (toxic potency of the PAH 
mixture) and UCM/petroleum weathering burden (chronic or degraded 
petroleum residue not captured fully by EPA− 16 PAHs). Each compo
nent was normalised to its national 90th percentile before averaging so 
that the index retained sensitivity to extreme hotspots without allowing 
the two most extreme samples to define the entire national scale. The 
toxicological relevance of PAHs and benzo[a]pyrene supports the use of 
a BaP-equivalent component in the index [23,24].

The ΣPAH16 burden represented the total concentration of the 16 
priority PAHs. BaP-equivalent toxicity was calculated as: 

BaPeq =
∑

Ci × TEFi (5) 

where Ci is the concentration of each PAH and TEFi is its benzo[a] 
pyrene toxic equivalency factor. This approach follows the toxic 
equivalency logic commonly used to express the relative potency of PAH 
mixtures [20]. The HRSI for each sample was calculated as the arith
metic mean of the P90-normalised ΣPAH16 burden, P90-normalised 
BaP-TEQ and P90-normalised UCM burden. The UCM/petroleum 
weathering component captured chronic or degraded petroleum resi
dues that may not be adequately represented by priority PAH concen
trations alone. Where appropriate, PAH concentrations were 
additionally compared with sediment quality guideline values such as 
ERL/ERM or TEL/PEL benchmarks to support qualitative risk interpre
tation [21,22]. Compound specific toxic equivalency factors and com
pound metadata are provided in Supplementary Table 10. HRSI class 
thresholds were empirical surveillance bands on the P90-normalised 
index scale rather than externally defined toxicity thresholds: Low 
< 0.25, Moderate = 0.25 to < 0.75, High = 0.75 to < 2.00 and Severe 
≥ 2.00. The thresholds were selected to separate background or near 
background records, elevated monitoring records, high priority records 
and extreme outlier records in the national distribution. To assess 
whether HRSI behaved consistently with established sediment quality 
tools, index values and classes were cross checked against ERL/ERM and 
TEL/PEL outcomes using guideline exceedance counts, maximum 
guideline quotients and rank correlations. Sensitivity analysis recalcu
lated HRSI after doubling the BaP-TEQ weight, removing the UCM 
component and excluding the two severe high leverage samples. Basin 

order, severe site identity and high/severe class membership were then 
compared with the base model to determine whether surveillance pri
orities were robust to weighting choices.

2.8. Statistical and geospatial analysis

Statistical analysis was conducted at basin, river, reach and seasonal 
scales. Because the dataset has nested structure, with samples grouped 
by river, basin, reach and season, basin rankings were interpreted as 
screening comparisons rather than as fully independent observations. 
Distributional assumptions were checked before formal comparisons; 
non-normal and heteroscedastic concentration variables were inter
preted using log10(y + 1) transformations, rank-based tests and robust 
summaries. Seasonal contrasts were evaluated using paired station logic 
where dry and wet records existed for the same river-reach cell. Longi
tudinal gradients were assessed across reach classes to identify 
upstream-downstream enrichment, urban amplification, mining- 
associated signatures and depositional accumulation. Source risk 
coupling was examined using Spearman rank correlations, transparent 
bivariate OLS regressions and collinearity robust sensitivity models. 
Response variables included log10(y + 1)-transformed ΣPAH16 and 
BaP-TEQ, raw UCM fraction and HRSI. Predictor variables included 
mining pressure, agriculture, forest cover and an urban traffic pressure 
index calculated as the mean of z-standardised urban land use, road 
density and population density. The index was used because the three 
original variables were strongly intercorrelated and VIF diagnostics 
showed that their coefficients could not be interpreted as independent 
effects. Ridge regression and partial least squares regression were used 
as sensitivity checks; conclusions are therefore expressed as associations 
rather than causal effects. To separate source input effects from depo
sitional enrichment, partial correlations were calculated among 
ΣPAH16, TOC and silt-clay fraction. The analysis evaluated whether 
ΣPAH16 remained associated with mining or urban traffic pressure after 
controlling for TOC and particle size, and whether TOC or silt-clay 
fraction remained associated with ΣPAH16 after controlling for 
anthropogenic pressure.

3. Results

3.1. National hydrocarbon atlas reveals strong basin structuring

The national dataset produced a complete hydrocarbon finger
printing matrix comprising 168 surface sediment records from 21 river 
systems, grouped into six basin systems and sampled across four reach 
positions and two hydrological seasons (Fig. 1; Table 1; Supplementary 
Table 1; Appendix Fig. 1). The spatial design confirms that the dataset 
has balanced reach and seasonal representation across the Ghanaian 
river continuum. Because basin sample sizes differed, with Volta and 
Coastal represented by more records than Tano and Bia, basin rankings 
are interpreted with attention to uncertainty, high leverage samples and 
nested river structure. The basin ranked hydrocarbon atlas shows that 
contamination is not randomly distributed across Ghanaian river sys
tems. Instead, ΣPAH16 burden, BaP-equivalent toxicity, total aliphatic 
hydrocarbons and HRSI values define the basin-priority order Ankobra 
> Pra > Coastal > Volta > Tano > Bia (Fig. 2; Table 2; Supplementary 
Table 7a). Ankobra was the highest-priority basin, with a mean 
ΣPAH16 of 3267.3 ng g⁻¹ , mean BaP-TEQ of 258.8 ng g⁻¹ , mean total 
aliphatics of 11,706.8 ng g⁻¹ , and six high/severe records. Pra ranked 
second, with mean ΣPAH16 of 2183.4 ng g⁻¹ , mean BaP-TEQ of 
191.7 ng g⁻¹ , mean total aliphatics of 6511.0 ng g⁻¹ , and six high/se
vere records. Coastal systems showed lower mean ΣPAH16 than Anko
bra and Pra but contained the highest single national outlier, whereas 
Volta showed broad spatial coverage but mostly low-risk conditions 
with isolated hotspots. Tano and Bia formed the low burden endmember 
systems, with Bia showing the strongest low risk and terrestrial-biogenic 
signal. This ordering provides evidence for basin specific hydrocarbon 

E.A. Asare et al.                                                                                                                                                                                                                                 Journal of Hazardous Materials: Organics 4 (2026) 100034 

5 



syndromes in Ghana. Ankobra and Pra represent mining-urban mixed 
and pyrogenic high burden systems; Coastal rivers represent traffic/ 
urban-combustion hotspot systems; Volta represents a broad but 
mostly low risk biomass combustion background with isolated urban or 
petroleum influenced anomalies; Tano represents a low burden biomass 
combustion system; and Bia represents a low burden terrestrial biogenic 
system (Fig. 2; Supplementary Table 7a).

3.2. Ecological risk is compressed into a small number of intense hotspots

The national HRSI distribution was highly compressed. Of the 168 
sediment records, 114 were classified as low HRSI, 40 as moderate, 12 as 
high, and only 2 as severe (Fig. 6; Supplementary Table 6). Thus, 91.7% 
of samples were low or moderate, while only 8.3% were high or severe. 
However, the high/severe minority controlled the national hazard 
structure because they carried disproportionate PAH burden, toxicity- 
equivalent load and aliphatic petroleum-weathering signal. The two 
severe records define the national hotspot endmembers. The most 
extreme sample was GH-HCF− 16-ES-D from the Densu River, Coastal 
basin, collected from the estuary/lower depositional reach during the 
dry season. It recorded ΣPAH16 = 15,895.6 ng g⁻¹ , BaP-TEQ 
= 1396.6 ng g⁻¹ , total aliphatics = 50,086.28 ng g⁻¹ , UCM 
= 15,585.92 ng g⁻¹ , and a dominant latent source of traffic combustion. 
The second severe record was GH-HCF− 12-MS-D from the Ankobra 
River, collected from the midstream reach during the dry season. It 
recorded ΣPAH16 = 10,378.74 ng g⁻¹ , BaP-TEQ = 788.66 ng g⁻¹ , total 
aliphatics = 46,734.85 ng g⁻¹ , UCM = 12,476.87 ng g⁻¹ , and a domi
nant latent source of mining–urban mixed input (Supplementary 
Table 2; Supplementary Table 3; Supplementary Table 6; 
Supplementary Table 10; Appendix Fig. 8). Sensitivity checking showed 
that the basin order was not solely produced by these two high-leverage 
samples: after excluding them, mean ΣPAH16 remained highest in 
Ankobra (2793.2 ng g⁻¹), followed by Pra (2183.4 ng g⁻¹), Coastal sys
tems (991.3 ng g⁻¹), Volta, Tano and Bia. This pattern indicates risk 
compression: most of the Ghanaian river sediment network carries low 
to moderate HRSI surveillance risk, but the upper tail of national hazard 
is controlled by a small number of basin-reach-season combinations. The 
severe hotspots occur in dry season depositional or transitional settings 
and are associated with strong anthropogenic source signatures rather 

than diffuse basin wide contamination. HRSI validation against sedi
ment quality guideline outcomes produced the same surveillance 
interpretation as the base risk map. Samples in the high/severe HRSI 
classes were also the samples with the greatest ERL/ERM or TEL/PEL 
exceedance burden and the highest maximum guideline quotients, 
whereas low HRSI samples were generally below or close to lower effect 
range values. Doubling the BaP-TEQ weight increased emphasis on 
toxicity-dominant PAH mixtures but retained the basin-priority order 
Ankobra > Pra > Coastal > Volta > Tano > Bia and preserved the two 
severe records. Removing the UCM component reduced petroleum- 
weathering sensitivity in the Densu and Ankobra hotspots but did not 
remove them from priority status. HRSI is therefore robust for surveil
lance ranking.

3.3. PAH diagnostic ratios indicate pyrogenic dominance but under- 
resolve source mixtures

PAH diagnostic ratio classification showed overwhelming pyrogenic 
dominance. Across the 168 sediment records, 134 samples were classi
fied as pyrogenic dominant, while 34 samples were classified as mixed 
petro-pyrogenic (Fig. 3; Supplementary Table 4). The diagnostic space 
therefore suggests that combustion derived inputs dominate Ghanaian 
river sediment PAH composition at national scale. The molecular PAH 
profiles support this interpretation. Normalised EPA− 16 PAH finger
prints and LMW/HMW relationships show widespread enrichment of 
higher-molecular-weight PAHs, especially fluoranthene, pyrene and 
other four to six ring compounds, consistent with combustion related 
sources (Fig. 3a,b; Appendix Fig. 2). Diagnostic cross plots based on 
ANT/(ANT+PHE), FLT/(FLT+PYR), BaA/(BaA+CHR) and IP/(IP+B
ghiP) separate pyrogenic and mixed petro-pyrogenic domains, but they 
do not fully resolve whether combustion signatures arise from biomass 
burning, traffic emissions, mining associated fuel use, urban waste 
burning or petroleum-weathered residues (Fig. 3c–e; Appendix Fig. 4). 
Thus, PAH ratios provide a useful first order source screen, but they 
make Ghana’s river systems appear more uniformly pyrogenic than they 
are. Their main limitation is source compression: diverse anthropogenic 
and natural inputs are collapsed into broad combustion dominant clas
ses. This limitation becomes evident when the PAH results are compared 
with aliphatic biomarkers and latent source fractions.

3.4. Aliphatic biomarkers expose hydrocarbon-source complexity hidden 
by PAHs

Aliphatic biomarker evidence revealed source complexity that was 
not resolved by PAH diagnostic ratios alone. The C10–C35 n-alkane 
distributions, pristane/phytane ratios, CPI C25–C33, TAR values and 
UCM fractions distinguished multiple hydrocarbon domains, including 
weathered petroleum residues, mining-urban mixtures, traffic/urban 
fuel inputs, biomass-combustion backgrounds and terrestrial plant wax 
contributions (Fig. 4; Supplementary Table 3; Appendix Fig. 3). The 
aliphatic patterns were especially important in the high pressure basins. 
Ankobra and Pra showed elevated total aliphatic hydrocarbon burdens 
and stronger UCM contributions, consistent with complex anthropo
genic hydrocarbon mixtures and weathered petroleum residues. Coastal 
systems showed strong traffic/urban fuel behaviour, particularly in the 
Densu severe record, where resolved n-alkanes were superimposed on a 
broad UCM hump. By contrast, Tano and Bia showed much lower total 
aliphatic burdens and stronger low risk terrestrial-biogenic or biomass 
associated signatures. The biomarker indices therefore changed the 
source interpretation from a simple PAH-based statement of “pyrogenic 
dominance” to a more differentiated screening classification of com
bustion type, petroleum weathering, terrestrial organic input and mixed 
mining-urban hydrocarbon loading. This is one of the central advances 
of the dataset: PAHs identify broad combustion pressure, whereas 
aliphatic biomarkers identify hydrocarbon processing history and non- 
aromatic petroleum/biogenic components that help explain the full 

Table 1 
National study design and dataset architecture.

Component Dataset content

Spatial coverage 21 river systems grouped into 6 basin systems: Volta, Pra, 
Ankobra, Tano, Bia and Coastal

Samples 168 surface sediment records
Design 4 reach positions × 2 seasons
Reach positions Upper/reference; midstream transition; downstream 

settlement/mining/market; 
estuary/reservoir/lower depositional reach

Seasons Dry and wet seasons
Matrix Surface sediment, 0–5 cm
PAH variables EPA− 16 PAHs, ΣPAH16, LMW PAHs, HMW PAHs and BaP- 

TEQ
Aliphatic variables n-alkanes C10–C35, pristane, phytane and unresolved 

complex mixture
Biomarker indices Pristane/phytane, CPI C25–C33, TAR and UCM fraction
Source tools PAH diagnostic ratios; aliphatic biomarker indices; 

exploratory PCA/HCA; constrained NMF latent fractions
Risk tools Hydrocarbon Risk Surveillance Index (HRSI) with fixed 

Low, Moderate, High and Severe surveillance classes
Environmental 

covariates
Urban land use, mining pressure, agriculture, forest cover, 
road density, 
population density, TOC, black carbon and sediment texture

Note: PAH, polycyclic aromatic hydrocarbon; ΣPAH16, sum of the 16 EPA 
priority PAHs; BaP-TEQ, benzo[a]pyrene toxic equivalent; CPI, carbon prefer
ence index; TAR, terrigenous/aquatic ratio; UCM, unresolved complex mixture; 
TOC, total organic carbon.
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sediment fingerprint.

3.5. Latent source apportionment produces a national hydrocarbon- 
source map

The latent source classification resolved five dominant national 

source classes: biomass combustion in 59 samples, traffic combustion in 
41 samples, mining-urban mixed input in 39 samples, terrestrial 
biogenic input in 20 samples, and petrogenic input in 9 samples (Fig. 5; 
Supplementary Table 5). This distribution shows that Ghana’s river 
sediment hydrocarbon burden is controlled by a three-source national 
triangle: a broad biomass/pyrogenic background, an urban traffic 

Fig. 2. Basin scale hydrocarbon burden and risk hierarchy. Basin level ranking of hydrocarbon contamination burden and ecological risk across Ghanaian river 
systems. (a) Basin ranked distributions of ΣPAH16 concentrations showing highest PAH burdens in Ankobra and Pra, intermediate levels in Coastal systems and 
lower burdens in Volta, Tano and Bia. (b) Basin ranked BaP-TEQ distributions indicating that toxicity weighted PAH burden follows a similar hierarchy, with 
Ankobra and Pra as dominant toxicity hotspots. (c) Total aliphatic hydrocarbon concentrations and UCM fractions by basin, highlighting elevated aliphatic burden 
and petroleum-weathering signatures in higher pressure basins. (d) Stacked risk-class distribution by basin showing the number of low, moderate, high and severe 
risk sediment records. (e) Priority-rank plot summarising the basin hierarchy based on mean ΣPAH16 burden: Ankobra > Pra > Coastal > Volta > Tano > Bia. The 
figure identifies Ankobra and Pra as the highest-priority hydrocarbon-risk basins, while Tano and Bia represent low burden systems.

Table 2 
Basin priority ranking for hydrocarbon surveillance.

Rank Basin Rivers represented n Mean 
ΣPAH16 
(ng/g)

Mean 
BaP- 
TEQ 
(ng/g)

Mean total 
aliphatics 
(ng/g)

High/ 
severe 
count

Dominant source signal

1 Ankobra Ankobra, Bonsa 16 3267.3 258.8 11706.8 6 Mining–urban mixed / pyrogenic
2 Pra Anum, Birim, Ofin, Pra 32 2183.4 191.7 6511.0 6 Mining–urban mixed / pyrogenic
3 Coastal Ayensu, Densu, Kakum, Ochi-Amissah, Tordzie 40 1363.9 114.3 4883.5 1 Traffic/urban combustion
4 Volta Afram, Black Volta, Daka, Lower Volta, Oti, Pru, Sene, 

White Volta
64 597.4 51.6 1891.6 1 Biomass combustion

5 Tano Tano 8 249.1 21.5 802.3 0 Biomass combustion
6 Bia Bia 8 132.0 9.6 552.9 0 Terrestrial biogenic / mixed low 

risk

Note: This table is a screening priority summary rather than a regulatory ranking. Basin n is unequal, and Coastal and Volta contain high leverage single site maxima 
despite lower basin means. For this reason, P90 values, maximum concentrations, river level statistics and station level concentrations should be checked in 
Supplementary Table 7 before management action is taken.
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combustion domain, and a mining urban mixed domain. The spatial 
organisation of these sources was basin dependent. Biomass combustion 
dominated much of the Volta and Tano systems, consistent with lower 
intensity rural and agricultural pressure. Mining-urban mixed sources 
dominated Ankobra and Pra, matching their higher ΣPAH16, BaP-TEQ, 
total aliphatic and high/severe risk counts. Traffic combustion was most 
important in the Coastal basin, especially in Densu and other urban or 
fuel transport influenced reaches. Terrestrial-biogenic signatures were 
strongest in Bia and selected low burden reaches, while petrogenic 
dominance was comparatively rare but important as a forensic indicator 
of petroleum-related residues. The source risk coupling further indicates 
that HRSI surveillance risk is not controlled by ΣPAH16 concentration 
alone. Mining-urban mixed and traffic-combustion classes produced 
broader and higher HRSI distributions than biomass-combustion and 
terrestrial-biogenic classes (Fig. 5d). This supports the interpretation 
that the highest risk national hydrocarbon syndromes are pyrogenic- 
petroleum-urban mixtures intensified by basin pressure and deposi
tional context.

3.6. Reach position and seasonality reveal transport and depositional 
controls

Hydrocarbon burden increased systematically along the river 

continuum. Mean ΣPAH16 rose from 609.6 ng g⁻¹ in upper/reference 
reaches to 1073.9 ng g⁻¹ in midstream reaches, 1600.3 ng g⁻¹ in down
stream reaches and 1906.3 ng g⁻¹ in estuary/lower depositional reaches 
(Supplementary Table 7c; Appendix Fig. 6). BaP-TEQ and total aliphatic 
hydrocarbons followed the same longitudinal trend, and high/severe 
records increased from 0 in upper/reference reaches to 1 in midstream 
reaches, 6 in downstream reaches and 7 in lower depositional reaches. 
This reach gradient is consistent with transport, accumulation and 
depositional retention influencing hydrocarbon burden. Upper reaches 
mostly captured background or reference signals, midstream reaches 
reflected transitional accumulation, downstream reaches captured set
tlement, mining and market influences, and lower depositional zones 
functioned as sedimentary traps where PAHs, aliphatic hydrocarbons 
and UCM-rich residues could accumulate. Because sediment texture and 
organic-carbon content can also concentrate hydrophobic compounds, 
the reach effect should be interpreted together with TOC, black carbon 
and silt-clay fraction. Seasonal contrasts also showed hydrological 
structuring. Dry-season samples had higher mean ΣPAH16 than wet- 
season samples (1569.5 versus 1025.5 ng g⁻¹), higher mean BaP-TEQ 
(131.8 versus 87.2 ng g⁻¹), higher mean total aliphatics (5295.5 versus 
3310.5 ng g⁻¹) and more high/severe records (10 versus 4) 
(Supplementary Table 7d; Appendix Fig. 5). Both severe records 
occurred during the dry season. The dry-season enrichment suggests 

Fig. 3. PAH molecular fingerprints and diagnostic ratio forensics. Molecular PAH fingerprints and diagnostic ratio evidence for national source structure. (a) 
Normalised EPA− 16 PAH profiles across all sediment samples, clustered by basin system, showing compound level variation in PAH composition. Higher relative 
contributions of phenanthrene, fluoranthene, pyrene and selected high molecular weight PAHs indicate combustion influenced signatures across much of the dataset. 
(b) LMW versus HMW PAH scatterplot demonstrating widespread enrichment of 4–6 ring PAHs relative to 2–3 ring PAHs, consistent with dominant pyrogenic input. 
(c) Diagnostic cross-plot of FLT/(FLT+PYR) versus ANT/(ANT+PHE), separating petrogenic, liquid fossil-fuel combustion and biomass/coal/grass combustion 
domains. (d) Diagnostic cross-plot of BaA/(BaA+CHR) versus IP/(IP+BghiP), further resolving combustion-dominant and mixed/petrogenic signatures. (e) Basin and 
national summary of diagnostic source classes, showing national pyrogenic dominance with mixed petro-pyrogenic signatures present in selected basins. The figure 
shows that PAH ratios reveal broad combustion dominance while still detecting mixed petroleum combustion inputs in key hydrocarbon impacted settings.
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reduced dilution, stronger concentration of sediment-associated hydro
carbons and retention of depositional hotspots during low flow condi
tions. The wet season reduction in mean burden is consistent with 
dilution, redistribution and sediment flushing, although basin-level re
sults show that some systems, particularly parts of the Volta, can exhibit 
local wet season increases due to runoff mobilisation or catchment 
specific transport effects. The Volta wet season exception is consistent 
with a first flush and flood scouring interpretation rather than a basin 
wide reversal of the national dry season pattern. In selected Volta rea
ches, early wet-season runoff can mobilise road dust, charred biomass 
residues, agricultural soil particles and bank stored organic matter into 
depositional zones, while higher discharge can scour and redistribute 
previously stored contaminated fine sediment. Because the affected 
Volta records occur within a broad basin that includes agricultural, 
biomass-burning, transport and reservoir/lower reach settings, the wet 
season increase is interpreted as a catchment specific mobilisation signal 
superimposed on a mostly low risk basin background.

3.7. Land use pressure covariates identify national source risk predictors

Hydrocarbon burden and HRSI were associated with anthropogenic 
land-use pressure. Spearman correlations showed positive relationships 
between ΣPAH16 and mining pressure (ρ = 0.65), urban land use (ρ =
0.56), road density (ρ = 0.56) and population density (ρ = 0.48). Similar 
positive correlations were observed for BaP-TEQ and HRSI. UCM frac
tion was most strongly associated with urban land use and road density, 
indicating that petroleum-weathering and unresolved hydrocarbon 
mixtures are closely linked to urban-transport pressure. In contrast, 
agriculture and forest cover showed negative correlations with ΣPAH16, 
BaP-TEQ, UCM fraction and HRSI (Supplementary Table 8; Appendix 
Fig. 7). Because urban land use, road density and population density 
were strongly collinear (VIF = 18.05, 9.74 and 6.46), they were treated 
as a shared urban-traffic pressure complex rather than as independent 
drivers. Ridge and partial least-squares sensitivity checks retained the 
same directional interpretation as the transparent OLS screening 
models. Together, the covariate evidence shows that Ghanaian river- 
sediment hydrocarbon burden and screening risk are associated with 
mining pressure, urban-traffic pressure and depositional reach position. 

Fig. 4. Aliphatic biomarker source disentanglement clarifies source mixtures. Aliphatic hydrocarbon biomarkers used to resolve source mixtures not fully separable 
from PAH ratios alone. (a) Representative C10–C35 n-alkane distribution fingerprints for selected basin systems, showing contrasting hydrocarbon signatures 
including mining-urban mixtures, weathered petroleum signals, biomass related inputs and terrestrial plant wax dominance. (b) CPI C25–C33 versus TAR scatterplot 
distinguishing petroleum-weathering, mining-urban/traffic mixed and plant wax/biomass-combustion domains. (c) Pristane/phytane ratio versus UCM fraction 
showing separation between biomass/plant wax inputs, mining-urban mixtures and weathered petroleum/urban fuel signatures. (d) HMW versus LMW n-alkane plot 
demonstrates widespread high molecular weight n-alkane dominance and source dependent separation among petroleum, traffic, mining-urban, biomass and 
terrestrial-biogenic inputs. (e) Representative chromatographic-style fingerprint from a severe risk site showing resolved n-alkane peaks superimposed on a broad 
unresolved complex mixture, characteristic of weathered petroleum and complex anthropogenic hydrocarbon input. The figure indicates that aliphatic biomarkers 
add source screening evidence for petroleum weathering, terrestrial plant wax inputs, biomass combustion and mining–urban mixtures that PAH ratios alone cannot 
fully resolve.
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These are observational associations and should be confirmed with 
repeated monitoring, source-material fingerprints and toxicity testing. 
Partial correlation analysis supported a dual source input and deposi
tional enrichment interpretation. The positive association between 
ΣPAH16 and mining or urban-traffic pressure persisted after controlling 
for TOC and silt-clay fraction, although the effect was attenuated. 
Conversely, TOC and silt-clay fraction remained positively associated 
with ΣPAH16 and BaP-TEQ after controlling for anthropogenic pressure. 
Thus, high concentrations reflect both stronger source input and greater 
retention on organic rich, fine grained sediment, which explains why 
high risk classes are concentrated in depositional or transitional reaches.

4. Discussion

4.1. Ghanaian rivers do not share a single hydrocarbon problem

The central implication of this national dataset is that Ghanaian river 
sediments do not express one uniform hydrocarbon contamination 
problem. Instead, the hydrocarbon atlas resolves several basin-specific 
regimes, differentiated by PAH burden, BaP-equivalent toxicity, 
aliphatic hydrocarbon structure, UCM enrichment, latent-source domi
nance and screening risk class. This is important because a single 

national average would obscure the fact that Ankobra, Pra, Coastal, 
Volta, Tano and Bia systems occupy different positions along a source 
risk continuum. The basin-priority ranking places Ankobra first, fol
lowed by Pra, Coastal systems, Volta, Tano and Bia, but this ordering 
should be read with the sample-size imbalance, hotspot influence and 
screening level risk design in mind. The first regime is a mining-urban 
high risk regime, expressed most strongly in the Ankobra and Pra sys
tems and in rivers such as Ankobra, Bonsa, Birim, Ofin and the Pra 
mainstem. This regime is characterised by high ΣPAH16, elevated BaP- 
TEQ, high total aliphatic hydrocarbons, strong UCM contribution and a 
dominant mining-urban latent source. The Ankobra basin recorded a 
mean ΣPAH16 of 3267.3 ng g⁻¹ , mean BaP-TEQ of 258.8 ng g⁻¹ , mean 
total aliphatics of 11,706.8 ng g⁻¹ and six high/severe records, while Pra 
recorded a mean ΣPAH16 of 2183.4 ng g⁻¹ and six high/severe records. 
At river scale, Ankobra, Bonsa, Birim, Ofin and Pra carry the clearest 
mining-urban signatures, confirming that hydrocarbon risk is concen
trated in river corridors where extractive activity, settlement, transport 
and fuel use overlap. The second regime is a traffic/urban combustion 
regime, represented principally by the Densu, Lower Volta and selected 
Coastal rivers. This regime is dominated by high-molecular-weight 
PAHs, traffic-combustion latent fractions, urban land-use pressure and 
petroleum-weathering indicators. The Densu severe hotspot is especially 

Fig. 5. Integrated source apportionment and source risk coupling. Integrated source screening framework linking land use pressure, diagnostic source classification, 
latent source mixtures and HRSI surveillance risk. (a) Mean latent source fractions by basin system, showing contrasting contributions from petrogenic, pyrogenic, 
terrestrial-biogenic and mining-urban mixed sources. (b) Sankey/alluvial diagram tracing source pathways from dominant pressure class through PAH diagnostic 
source class and latent dominant source to final ecological risk class. (c) Basin by source dominance heatmap showing the relative contribution of each latent source 
component across basin systems. (d) Source specific risk distributions indicating that mining-urban mixed and traffic-combustion sources have broader and higher 
HRSI distributions than biomass combustion and terrestrial-biogenic sources. (e) Land use covariate importance for HRSI surveillance risk, interpreted cautiously 
because urban land use, road density and population density are collinear. The figure summarises associations between source mixtures, land use pressure and 
screening risk rather than proving direct causality.
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important because it demonstrates that coastal systems may have lower 
basin-wide mean values than Ankobra and Pra yet still generate the most 
extreme single-site hazard where urban traffic, fuel handling and estu
arine depositional trapping coincide. Appendix Fig. 8 explicitly iden
tifies the Densu severe site as an estuarine traffic-combustion hotspot 
with extreme PAH toxicity and aliphatic burden, while the Lower Volta 
appears as an isolated petroleum/traffic signal within an otherwise 
lower-priority basin. The third regime is a biomass-combustion back
ground regime, expressed mainly across Volta tributaries and agricul
tural or mixed-rural basins. This regime is still pyrogenic in PAH-ratio 
space, but its ecological significance is lower because ΣPAH16, BaP- 
TEQ, total aliphatic burden and HRSI values are generally modest. 
Volta therefore should not be interpreted as uncontaminated; rather, it 
represents a broad national background system with mostly low risk and 
isolated hotspots. Its large spatial coverage and heterogeneous pressure 
structure mean that surveillance should be maintained even where the 
dominant source appears to be biomass combustion. The fourth regime 
is a terrestrial-biogenic low risk regime, best expressed in Bia and 
selected forest/agricultural systems. This regime has low ΣPAH16, low 
BaP-TEQ, low total aliphatic hydrocarbons and strong terrestrial- 
biogenic or plant wax signatures. Bia recorded the lowest basin mean 
ΣPAH16, lowest BaP-TEQ and no high/severe records, making it a useful 
low-burden reference or early warning basin rather than a priority 
remediation basin. Tano also occupies the low-burden end of the na
tional gradient, although its dominant signal is closer to biomass com
bustion than the stronger terrestrial-biogenic signal observed in Bia.

4.2. Comparison with African and global sediment PAH

Comparison with available African and global sediment studies 
places Ghanaian river sediments in a broad low-to-hotspot contamina
tion spectrum rather than a single national contamination class. A 
compact benchmarking matrix has been added as Supplementary 
Table 11 to make this comparison explicit. Within the Ghanaian data
set, low-burden Bia and Tano basin means (132.0 and 249.1 ng g⁻¹, 
respectively) are closer to low or moderate coastal and lagoonal sedi
ment contexts, whereas Ankobra, Pra and the Densu/Ankobra severe 
records are closer to urbanised estuarine, mangrove, mining-influenced 
or petroleum-impacted hotspot settings reported in West Africa and Asia 
[2–4,29]. The severe Ghanaian records (ΣPAH16 = 10,378.74–15, 
895.6 ng g⁻¹) occupy the upper hotspot range of the comparative liter
ature, while most Ghanaian samples remain low or moderate. The 
comparison is intentionally conservative because analyte lists, sediment 
fractions, extraction procedures, reporting units, hydrological seasons 
and risk tools differ among studies. Its purpose is therefore to establish 
order-of-magnitude context and surveillance relevance, not to imply 
direct regulatory equivalence across unrelated sediment datasets. This 
contrast reinforces the risk-compression interpretation: the national 
issue is not uniformly high PAH loading, but a small number of river 
reaches where anthropogenic input, petroleum-weathering signal and 
sediment capture converge.

4.3. PAH monitoring is insufficient for Ghanaian river systems

A major conceptual finding is that PAH-only monitoring would 
oversimplify Ghana’s hydrocarbon problem. The PAH diagnostic ratios 
classify most samples as pyrogenic-dominant, which is scientifically 
meaningful because fluoranthene, pyrene and other high molecular 
weight PAHs are widespread across the dataset. However, this classifi
cation compresses multiple source processes into a single broad com
bustion label. Diagnostic-ratio plots separate petrogenic, mixed and 
pyrogenic domains, but the appendix also shows diagnostic uncertainty 
and threshold proximity effects, meaning that ratio based assignments 
should be interpreted cautiously in mixed source tropical catchments. 
This limitation is consistent with the broader PAH forensics literature. 
PAH ratios are useful screening tools, but they may be altered by 

weathering, photodegradation, transport, sediment sorting, 
combustion-temperature variability and source mixing [13,14]. In the 
Ghanaian dataset, this limitation is not theoretical: PAH ratios identify 
widespread pyrogenic dominance, whereas aliphatic biomarkers reveal 
additional information on petroleum weathering, plant wax dilution, 
unresolved hydrocarbon mixtures and mining-urban inputs. Thus, a 
PAH only assessment would correctly identify combustion influence but 
under detect the petroleum-weathering and mixed-source structure that 
controls several high-risk sites. The added value of the aliphatic domain 
is therefore central to the paper’s novelty. CPI C25–C33 and TAR 
separate terrestrial plant-wax and biomass-related signatures from 
petroleum-weathered or mining-urban mixtures; pristane/phytane and 
UCM fraction differentiate redox, biodegradation and weathered pe
troleum signals; and C10–C35 n-alkane distributions expose 
chain-length fingerprints that are invisible in PAH-only analysis. Fig. 4
explicitly shows that aliphatic biomarkers distinguish mining-urban 
mixtures, weathered petroleum, traffic/urban-fuel signatures, biomass 
inputs and terrestrial plant wax dominance, while Fig. 5 shows that 
latent source apportionment links these molecular fingerprints to basin 
pressure and ecological risk. This supports the central framing of the 
manuscript as PAH-aliphatic biomarker source screening, rather than 
conventional PAH monitoring alone. It also aligns with recent Ghanaian 
offshore work showing that integrated aliphatic-PAH fingerprinting, 
Bayesian source apportionment and eco-probabilistic risk assessment 
can improve source discrimination relative to PAH measurement alone 
[7]. The present study extends that logic inland, from offshore petro
leum influenced sediments to a national river basin system, where 
mining, biomass burning, traffic, urban runoff and depositional trapping 
interact within the same sediment archive.

4.4. National HRSI mapping is more informative than isolated threshold 
comparison

The HRSI results were interpreted as a comparative national sur
veillance framework. HRSI was explicitly designed to rank sites and 
basins for surveillance priority, not to function as a statutory threshold, 
toxicity standard or site-specific ecological effect prediction. Its strength 
is that it combines three complementary dimensions of hydrocarbon 
hazard: ΣPAH16 burden, BaP-equivalent toxicity and UCM/petroleum- 
weathering burden. This approach is more informative than isolated 
threshold comparison because Ghana’s hydrocarbon risk is spatially 
compressed. Most samples fall in the low or moderate classes, but the 
national hazard is disproportionately controlled by a small number of 
intense hotspots. The two severe samples Densu estuary in the dry sea
son and Ankobra midstream in the dry season represent different source 
risk syndromes: one traffic-combustion and estuarine-depositional, the 
other mining-urban mixed and pyrogenic. Therefore, the key manage
ment problem is not uniform national contamination, but the identifi
cation of basin-reach-season combinations where source intensity and 
depositional retention amplify ecological risk. The reach and seasonal 
patterns are consistent with this interpretation. Mean ΣPAH16 increases 
from upper/reference reaches to downstream and estuary/lower depo
sitional reaches, while high/severe records are concentrated in down
stream and lower depositional settings. Dry season samples also show 
higher national mean ΣPAH16, BaP-TEQ, total aliphatics and high/se
vere counts than wet-season samples, consistent with low flow concen
tration, reduced dilution and depositional retention. These 
interpretations remain partly inferential because hydrodynamic mea
surements, sedimentation rates and repeated multi-year sampling were 
not included. Mechanistically, risk compression reflects the coupling of 
source pressure with sedimentary retention. Mining and urban–traffic 
inputs supply PAHs and petroleum-weathered residues, while low 
gradient downstream, estuarine and reservoir/lower depositional rea
ches retain organic rich fine sediment and UCM bearing particles. The 
same process explains why the two severe records occur in dry season 
depositional or transitional settings and why selected Volta reaches can 
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show wet season increases when runoff and flood scouring mobilise 
stored catchment material. The term sediment capture is therefore used 
to describe this combined hydrological, geomorphological and 
geochemical retention process. The national risk map therefore per
forms a different function from a conventional concentration table. It 
organises molecular evidence into a basin-prioritised surveillance tool 
by distinguishing toxicity weighted PAH hotspots, petroleum- 
weathering/UCM hotspots and source class hotspots. Fig. 6 is policy 
facing because it integrates hydrocarbon burden, toxicity, source cer
tainty and high/severe counts into a basin priority framework for tar
geted monitoring and adaptive environmental management.

4.5. Land use pressure is associated with hotspot occurrence

The national source risk patterns are associated with land-use pres
sure rather than proven by land use alone. Mining pressure and the 
urban–traffic pressure index were positively associated with ΣPAH16, 
BaP-TEQ, UCM fraction and HRSI, while agriculture and forest cover 
showed negative associations. This means that the high risk hydrocar
bon syndromes are spatially aligned with catchment pressure, fuel use, 
transport intensity, settlement density, extractive activity and sediment- 
retention environments. The wording is intentionally association-based 
because the study design was observational and did not directly measure 
emission rates or transport fluxes. The regression results further indicate 
that mining pressure retained the clearest positive association with 
ΣPAH16 and BaP-TEQ in the multiple models. Urban land use, road 
density and population density were not interpreted separately because 

their high VIF values indicated strong multicollinearity; instead, the 
urban–traffic pressure index provided a more defensible summary of 
their shared signal. Ridge regression and partial least-squares sensitivity 
check reduced coefficient instability while preserving the same broad 
associations. Agriculture and forest cover were associated with lower 
hydrocarbon burden, likely because their dominant sedimentary signal 
is diluted by biomass derived or terrestrial-biogenic organic matter 
rather than concentrated petroleum-combustion inputs. These re
lationships provide plausible support for the four regime interpretation, 
but they do not prove a single causal pathway. Ankobra and Pra are high 
priority because mining pressure, settlement activity, road linked fuel 
use and downstream depositional accumulation overlap. Densu type 
coastal hotspots are consistent with severe HRSI surveillance risk where 
urban traffic emissions, fuel residues and lower depositional zones 
coincide. Volta is mostly low risk because much of its spatial coverage 
reflects biomass-combustion or mixed-rural backgrounds, although 
isolated urban or petroleum/traffic nodes still require surveillance. Bia 
and Tano remain low burden because their dominant signatures are 
terrestrial-biogenic or biomass related and because high intensity 
mining-urban or traffic-fuel inputs are less strongly expressed in the 
sampled reaches.

4.6. Study limitations and uncertainty

First, the study used one dry season and one wet-season sampling 
campaign, so interannual variability and event driven first flush pulses 
were not captured. Second, the analysis was based on surface sediment 

Fig. 6. National ecological risk map and basin priority framework. Screening level national hydrocarbon risk atlas based on the Hydrocarbon Risk Surveillance Index 
(HRSI). (a) National map of HRSI classes across Ghanaian river sediment sampling locations. (b) Basin priority framework integrating ΣPAH16, BaP-TEQ, UCM/ 
petroleum-weathering burden and high/severe HRSI counts. (c) Sensitivity checks showing that priority ranking is robust to increased BaP-TEQ weighting and to 
high leverage hotspot evaluation.
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only; it did not include sediment cores, sedimentation rates, continuous 
discharge records or direct hydrodynamic measurements. Third, HRSI 
classes are surveillance categories based on chemical burden, BaP-TEQ 
and UCM structure, not biological toxicity tests or statutory regulatory 
thresholds. Fourth, latent source classes are model dependent and 
should be verified with local source materials such as fuel residues, road 
dust, urban drain sediments, mining-area sediments and biomass- 
burning residues. Fifth, urban land use, road density and population 
density were highly collinear, so their individual effects cannot be 
cleanly separated; the urban-traffic pressure index is a conservative 
compromise rather than proof of mechanism. Sixth, partial correlations 
suggest both source input and depositional enrichment, but causal 
separation requires catchment scale flux data, controlled source fin
gerprints and repeated hydrological sampling. Finally, the Densu and 
Ankobra severe records are high leverage observations; they are real 
surveillance priorities, but basin scale conclusions should be checked 
through repeat sampling and targeted local investigation.

4.7. Policy and monitoring implications for Ghana

The first monitoring implication is that Ankobra and Pra require 
priority surveillance and confirmatory monitoring. These basins have 
the highest mean ΣPAH16, highest BaP-TEQ, elevated total aliphatic 
burdens, strong UCM signal and the largest high/severe HRSI counts. 
Monitoring should prioritise Ankobra, Bonsa, Birim, Ofin and the Pra 
mainstem, with special attention to downstream and estuary/lower 
depositional reaches where risk is amplified by sediment capture. Sec
ond, Densu type coastal urban hotspots require event based and dry 
season monitoring. The Densu severe record demonstrates that the 
Coastal operational system can produce extreme local risk even when 
basin wide averages are lower than Ankobra and Pra. For urban coastal 
rivers, routine seasonal sampling should therefore be supplemented 
with targeted monitoring after fuel spills, road-runoff events, market or 
transport intensification, storm-drainage discharge and low flow con
centration periods. Third, Volta requires broad surveillance rather than 
blanket low priority classification. Although Volta is mostly low risk and 
biomass-combustion dominated, its large spatial coverage, wet season 
mobilisation potential and isolated petroleum/traffic anomalies require 
distributed monitoring. Fourth, Bia and Tano can function as low- 
burden reference or early-warning systems. Finally, future Ghanaian 
sediment monitoring should measure PAHs and aliphatic biomarkers 
together and report HRSI, ERL/ERM or TEL/PEL comparisons, QA/QC 
metadata, TOC, particle size and local pressure covariates in one 
reproducible surveillance workflow.

5. Conclusion

This study presents a national PAH-aliphatic hydrocarbon source 
disentanglement and HRSI framework for Ghanaian river sediments. By 
integrating PAH distributions, C10–C35 n-alkanes, pristane/phytane, 
CPI, TAR, UCM structure, latent source classification and Hydrocarbon 
Risk Surveillance Index screening, the work shows that Ghana’s river 
systems do not share a single hydrocarbon contamination pattern. 
Instead, they form distinct basin specific source risk regimes: Ankobra 
and Pra are dominated by mining-urban and pyrogenic high burden 
signatures; Coastal rivers contain intense traffic/urban-combustion 
hotspots; Volta represents a broad biomass-combustion background 
with isolated anomalies; Tano is a low burden biomass-influenced sys
tem; and Bia functions as a low risk terrestrial-biogenic endmember. 

PAH diagnostic ratios correctly identify broad combustion dominance, 
but they compress diverse sources into general pyrogenic classes. The 
addition of aliphatic biomarkers reveals petroleum weathering, plant 
wax inputs, mining-urban mixtures and traffic related fuel residues that 
are otherwise under resolved. The national risk structure is also uneven. 
Most sediment records indicate low to moderate HRSI concern, while a 
small number of dry season depositional or transitional reaches carry 
disproportionate hydrocarbon burden and toxicity equivalent load. The 
Densu estuary and Ankobra midstream severe-risk sites show where 
urban traffic, fuel handling, mining pressure and sediment capture may 
combine to produce localised hazard within broader basin-scale gradi
ents. The results support tiered national surveillance: Ankobra, Pra and 
selected Coastal hotspots should receive priority monitoring; Volta 
should remain under broad spatial surveillance because of isolated pe
troleum/traffic anomalies and wet-season mobilisation potential; and 
Tano and Bia can serve as low burden reference and early-warning ba
sins. The framework is transferable only as a testable template. Appli
cation to other tropical river networks should recalibrate source profiles, 
sediment properties, hydrology, 1 km or catchment scale land use 
metrics and HRSI thresholds, and should include repeat sampling, 
source material confirmation and biological toxicity evidence.
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Appendix

Fig. 1. Full sampling metadata and QA/QC summary

Summary of the national sediment-sampling metadata and analytical QA/QC architecture used for the hydrocarbon source-disentanglement 
dataset. The figure summarises the distribution of sediment records across basin systems, river systems, reach positions and seasons, and reports 
field duplicates, equipment blanks, procedural blanks, method blanks, calibration checks, detection limits, recovery, duplicate RPD and QA/QC 
grades. 
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Fig. 2. Full EPA− 16 PAH concentration matrix

Heatmap of EPA− 16 PAH concentrations across all 168 surface sediment samples. Samples are ordered by basin system, river, reach position and 
season, with annotation strips showing basin, reach and seasonal grouping. Colour intensity represents log-transformed PAH concentration, allowing 
compound level comparison across the full national dataset. The matrix shows strong spatial heterogeneity in PAH burden, with higher intensity 
profiles concentrated in Ankobra, Pra and selected Coastal and Volta hotspot samples, while Tano and Bia show consistently lower PAH concen
trations.

Fig. 3. Full n-alkane C10–C35 concentration matrix

Heatmap of C10–C35 n-alkane concentrations across all 168 sediment records. Samples are arranged by basin system, river, reach position and 
season to show chain length distributions along the national river continuum. The matrix highlights source dependent aliphatic hydrocarbon fin
gerprints, including elevated mid to high carbon number n-alkanes in higher pressure basins and stronger plant wax/terrestrial signals in lower burden 
systems. The figure supports the use of aliphatic biomarkers as an additional forensic layer beyond PAH only interpretation. 
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Fig. 4. Diagnostic ratio decision space uncertainty

Decision space analysis showing agreement and uncertainty among PAH diagnostic ratio classifications. Cross plots of ANT/(ANT+PHE), FLT/ 
(FLT+PYR), BaA/(BaA+CHR) and IP/(IP+BghiP) separate petrogenic, mixed and pyrogenic domains. The pairwise agreement matrix summarises 
where diagnostic ratio classifications are consistent or conflicting, while basin level agreement bars show the distribution of agreement, partial 
agreement and conflict across the six basin systems. The uncertainty ranking identifies samples located close to diagnostic thresholds, indicating 
where source classification should be interpreted cautiously. 
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Fig. 5. Seasonal contrasts by basin

Dry versus wet season contrasts in hydrocarbon concentration and ecological risk by basin system. Basin specific boxplots compare seasonal 
distributions of ΣPAH16, BaP-TEQ and total aliphatic hydrocarbons, while stacked bars show dry to wet shifts in risk class composition. The per
centage change heatmap summarises seasonal differences in ΣPAH16, BaP-TEQ, total aliphatics, UCM fraction and HRSI. The figure shows that several 
high pressure basins, especially Ankobra and Coastal systems, exhibit lower wet season mean concentrations consistent with dilution or redistribution, 
whereas Volta shows modest wet season increases in selected metrics. 
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Fig. 6. Reach position gradients

Longitudinal contrasts in hydrocarbon burden, toxicity, source indicators and risk from upper/reference reaches through midstream, downstream 
and estuary/lower depositional zones. Boxplots show reach position gradients in ΣPAH16 and BaP-TEQ, while paired line plots summarise changes in 
total aliphatic hydrocarbons and UCM fraction along the river continuum. Stacked bars show risk class composition and latent source dominance by 
reach position, and the basin by reach heatmap identifies where downstream or depositional reaches carry the strongest HRSI risk. The figure indicates 
that hydrocarbon burden and HRSI surveillance risk generally increase from upper reaches toward downstream and lower depositional zones, with 
basin specific exceptions. 
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Fig. 7. Land use pressure correlations

Relationships between land use pressure variables and hydrocarbon response indicators across the national sediment dataset. Scatterplot matrices 
show associations between mining pressure, urban land use, road density, population density, agriculture, forest cover and hydrocarbon responses. 

E.A. Asare et al.                                                                                                                                                                                                                                 Journal of Hazardous Materials: Organics 4 (2026) 100034 

19 



The analysis reports the urban–traffic pressure index, VIF diagnostics, ridge/partial least squares sensitivity checks and partial correlations among 
TOC, silt-clay fraction and ΣPAH16 to separate source input and depositional enrichment signals.

Fig. 8. Hotspot case studies
Detailed case study analysis of selected national hydrocarbon hot

spots: the Densu severe site, Ankobra severe site, Birim/Pra high risk 
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mining corridor and Lower Volta isolated hotspot. The interpretation links each hotspot to HRSI class, source disentanglement evidence, land use 
pressure, reach position, sediment capture and seasonal hydrological behaviour, including the Volta wet-season first flush/flood scouring exception.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the online version at doi:10.1016/j.hazmo.2026.100034.

Data Availability

Data will be made available on request.
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