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Abstract 

Understanding in-situ rare oxide formation in tropical lowlands remains challenging due to the extensive peat–clay cover and the limited 
surface accessibility. This study presents a reproducible integrated workflow combining cloud-based hydrographic analysis in Google Earth 
Engine (GEE), two-dimensional electrical resistivity tomography (ERT), and X-ray fluorescence (XRF) geochemistry to investigate rare oxide 
occurrence in South Kalimantan, Indonesia. MERIT Hydro data that had been processed within the GEE framework were utilized for the 
delineation of buried palaeochannel traces. This was followed by ERT profiling and core drilling to characterize the subsurface lithology. XRF 
analyses indicate Yb₂O₃ concentrations of 0.01–0.04 wt% and Re₂O₇ of 0.00–0.08 wt% within clay layers at approximately 3–4 m depth. The 
results of spatial correlation analysis demonstrate weak relationships between oxide distribution and palaeochannel proximity (|r| < 0.3) but 
strong positive relationship between resistivity and oxide concentrations (r > 0.75). The results obtained lend significant support to an in-situ 
formation model, primarily controlled by lithological and geochemical processes as opposed to fluvial transport. The proposed GEE–ERT–
XRF workflow offers a preliminary operational framework for detecting subtle, clay-hosted rare oxide signatures in data-limited tropical 
lowland environments. The findings demonstrate that efficacy of subsurface resistivity as a proxy for identifying geochemical trapping 
horizons associated with rare oxide enrichment beneath peat–clay cover. The proposed workflow further provides a cost-effective, scalable, 
and reproducible approach for early-stage mineral exploration and subsurface resource screening in tropical lowland regions where 
conventional geological mapping is limited by poor surface exposure. 
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1. Introduction  

Understanding subsurface mineral formation in tropical 

lowland environments remains challenging due to the 

presence of extensive peat–clay cover, dense vegetation, and 

limited surface exposure. These conditions restrict 

conventional geological mapping and hinder the detection of 

subtle mineralization processes occurring beneath low-relief 

terrains. As a consequence, distinguishing between in-situ 

geochemical formation and fluvial redistribution of rare 

oxides requires integrated analytical approaches that extend 

beyond surface-based observations.  

Ancient buried river systems, also known as  

palaeochannels, are commonly interpreted as potential 

pathways for sediment and metal transport in lowland basins. 

Previous studies have demonstrated that palaeochannel 

mapping provides valuable insights into landscape evolution, 

sedimentary architecture, and subsurface resource distribution 

when combined with remote sensing and geophysical methods 

[1–3]. However, most documented applications are 

concentrated in arid or semi-arid regions where geomorphic 

signatures remain relatively well preserved [1,4]. In humid 

tropical environments, where palaeochannels are obscured by 

thick peats and fine-grained sediments, their influence on 

subsurface geochemical processes remains poorly constrained. 

Recent advances in cloud-based geospatial platforms, 

particularly Google Earth Engine (GEE), have enabled large-

scale hydrographic and geomorphological analysis using 

global datasets [4,5]. Concurrently, near-surface geophysical 

methods such as electrical resistivity tomography (ERT) have 

been shown to be effective tools for resolving subsurface 

lithological variations in lowland settings [6,7]. Furthermore, 

laboratory geochemical techniques such as X-ray fluorescence 

(XRF) allow for quantitative assessment of elemental and 
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oxide composition. Despite the individual strengths of these 

approaches, they are rarely integrated into a single, 

reproducible workflow designed for subsurface assessment in 

tropical lowland environments, particularly within applied 

science and technology contexts [4,5,8]. 

Rare earth elements and the associated rare oxides have 

attracted mounting interest in view of their strategic 

importance for advanced technologies and clean-energy 

applications [9–11]. In tropical weathering environments, the 

mobility, fractionation, and retention of these elements are  

found to be strongly determined by lithology, clay 

mineralogy, and redox dynamics [12–14]. Clay-rich horizons 

dominated by smectite and kaolinite are widely recognized as 

effective geochemical traps that promote ion adsorption and 

localized oxide stabilization [15,16]. Nevertheless, the extent 

to which such processes operate independently of 

palaeofluvial transport in tropical lowland systems has not 

been systematically evaluated using integrated, multi-scale 

datasets. In contrast to previous studies that implemented 

these techniques independently, this study proposes a 

reproducible and field-validated integration strategy 

specifically designed for peat–clay tropical systems, with an 

emphasis on the predictive linkage between resistivity-derived 

lithological domains and rare oxide enrichment. 

This study addresses this gap by applying an integrated 

GEE–ERT–XRF framework to investigate the spatial 

relationship between buried palaeochannels, subsurface 

lithology, and rare oxide occurrence in the tropical lowlands 

of South Kalimantan, Indonesia. This research combines 

cloud-based hydrographic analysis [5,17], geophysical 

imaging [6], and laboratory geochemistry [9,15], with the 

aims of (i) assessing whether rare oxide enrichment is 

spatially associated with palaeochannel structures and (ii) 

evaluating the dominant lithological and geochemical controls 

governing in-situ rare oxide formation beneath peat–clay 

cover. The proposed workflow offers an operational and 

transferable approach for subsurface mineral screening in 

data-limited tropical environments. This study makes a 

significant contribution to the refinement of conceptual 

models of rare oxide formation in tropical lowland systems by 

demonstrating the lithology-dominated enrichment 

independent of palaeofluvial controls. 

2. Materials and Methods 

2.1. Study area 

The study area is in Sungai Tabuk Subdistrict, Banjar 

Regency, South Kalimantan, Indonesia (3°23′0.82″–

3°23′59.88″ S; 114°42′9.72″–114°42′22.98″ E). The region is 

characterized by low-lying tropical plain (with a topography 

of less than 15 meters above sea level) that is predominantly 

composed of peat–clay deposits. Geologically, the area 

comprises the Pliocene–Pleistocene Dahor Formation overlain 

by Holocene alluvial sediments [18–20]. The Dahor 

Formation is composed mainly of quartz sandstone, 

conglomerate, claystone, and minor lignite, indicating a 

potential source for rare metal-bearing minerals subjected to 

intense tropical weathering. 

2.2. Hydrographic analysis using Google Earth Engine 

The delineation of buried palaeochannel networks was 

facilitated by the utilization of the MERIT Hydro Global 

Hydrography Dataset [17], which was processed within the 

GEE cloud platform. MERIT Hydro provides global flow 

direction and flow accumulation layers at approximately 90 m 

spatial resolution. The data processing was conducted using 

JavaScript-based scripting in GEE following established 

hydrographic extraction procedures [4,5]. A flow 

accumulation threshold exceeding 5,000 pixels was applied to 

identify major buried drainage pathways beneath vegetated 

and fine-grained surfaces. The extracted palaeochannel 

features were cross-checked against Sentinel-2 imagery (10 m 

resolution) and hydrographic vector data from the Indonesian 

Geospatial Information Agency to ensure spatial consistency. 

The generation of outputs at multiple cartographic scales 

(1:150,000–1:500,000) was undertaken to evaluate spatial 

relationships with borehole locations. The threshold of 5,000 

pixels was selected based on sensitivity testing and previous 

hydrographic extraction studies in low-gradient terrains, 

thereby ensuring that only major drainage pathways were 

captured, while minimizing noise from minor surface 

depressions. 

2.3. Electrical resistivity tomography (ERT) 

Subsurface lithological characterization was performed 

using two-dimensional electrical resistivity tomography 

(ERT). The measurements were acquired along three profiles, 

each 120 meters in length,  utilizing an ABEM Terrameter LS 

2 system with a Wenner–Schlumberger electrode 

configuration, selected for its balanced sensitivity to vertical 

and lateral resistivity variations [6]. Electrode spacing was set 

at 5 m, yielding an investigation depth of approximately 20–

25 m. Raw resistivity data were inverted using Res2DInv 

software employing a least-squares inversion scheme until 

root-mean-square (RMS) errors were below 5%. The 

interpretation of resistivity ranges was informed by 

established tropical lowland references [6,7]. The selection of 

three ERT profiles was designed to balance spatial coverage 

and logistical feasibility, ensuring representation across 

palaeochannel-proximal and distal zones. 

2.4. Core drilling and XRF analysis 

To validate geophysical interpretations, ten full-core 

boreholes were drilled to depths of up to 5 m. Core samples 

were preserved in sealed PVC tubes to maintain natural 

moisture conditions. Samples of clay were subjected to oven-

dried at temperature of 60°C, pulverized to a size of less than 

75 µm, and analyzed using a PANalytical Axios mAX 4 kW 

X-ray fluorescence (XRF) spectrometer. The quantification of 

major, minor, and trace oxides was conducted, with the 

analysis encompassing Yb₂O₃ and Re₂O₇. Each sample was 

analyzed in triplicate, and mean values were used for 

interpretation to ensure analytical reproducibility [9]. The 

borehole number (n=10) represents a targeted sampling 

strategy aimed at validating geophysical interpretations rather 

than achieving statistical representativeness. 
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2.5. Spatial integration and statistical analysis 

The oxide concentration data were spatially 

interpolated using inverse distance weighting (IDW) in 

ArcGIS Pro 3.2, following standard geochemical mapping 

procedures [21]. All datasets were projected to UTM Zone 

50S (WGS84). Spatial overlay analyses were conducted to 

compare palaeochannel proximity, resistivity values, and 

oxide distribution. Pearson correlation analysis was applied to 

quantify relationships between resistivity and oxide 

concentration as well as between palaeochannel distance and 

oxide occurrence. Standard spreadsheet-based statistical 

functions were utilized for the execution of statistical 

calculations, with correlation coefficients interpreted in 

accordance with conventional significance thresholds.  

3. Results and Discussion 

3.1. Hydrographic and palaeochannel mapping 

The implementation of hydrographic processing in Google 

Earth Engine resulted in the delineation of both active and 

buried drainage features across the designated study area. The 

outputs of flow accumulation and drainage density outputs 

derived from the MERIT Hydro dataset reveal a northeast–

southwest-oriented palaeochannel network beneath the peat–

clay surface (Fig. 1). The extracted paleochannel traces 

demonstrated spatial continuity and geometric coherence 

across multiple cartographic scales ranging from 1:150,000 to 

1:500,000 (Fig. 2). Spatial comparison with Sentinel-2 

imagery and national hydrographic datasets confirms the 

positional consistency of the reconstructed drainage patterns. 

The distribution of borehole locations across both 

paleochannel-proximal and paleochannel-distal zones, enabled 

the evaluation of spatial relationships with subsurface 

geochemical data. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Recent river flows map 

3.2. Subsurface resistivity structure 

Two-dimensional ERT profiles have been shown to 

consistently resolve a vertically layered subsurface structure 

across all survey lines (Fig. 3). The uppermost unit is 

characterized by very low resistivity values (<10 Ω·m), 

followed by layers with resistivity ranges of 10–20 Ω·m and 

30–200 Ω·m. A laterally continuous horizon with moderate 

resistivity values (20–50 Ω·m) is observed at depths of 

approximately 3–4 m across the profiles. It is notable that 

beneath this unit, high-resistivity zones (>200 Ω·m) are 

present. All inversion models achieved root-mean-square 

(RMS) errors of less than 5%, indicating the attainment of 

stable and reliable resistivity solutions. 

 

 

 

 

 

 

 

 

Fig. 2. Detailed palaeochannels map 

3.3. Core lithology and geochemical composition 

Core drilling results have been found to corroborate the 

subsurface stratigraphy inferred from the ERT profiles. A 

dominant clay-rich horizon is observed to occur consistently 

between 3 and 4 m depth, as illustrated in the representative 

borehole logs (Fig. 4 and 5). The XRF analysis of clay 

samples indicates that major oxide compositions are 

dominated by SiO₂ and Al₂O₃, with minor contributions from 

Fe₂O₃ and TiO₂ (see Table 1). The presence of trace rare 

oxides within this horizon has been identified, with Yb₂O₃ 

concentrations ranging from 0.01 to 0.04 wt% and Re₂O₇ 

concentrations ranging from below detection to 0.08 wt%. 

Elevated oxide concentrations are consistently associated with 

samples collected from the clay horizon, identified by 

moderate resistivity values. 

3.4. Spatial distribution and correlation analysis 

Spatial interpolation maps illustrate the heterogeneous 

distribution of Yb₂O₃ and Re₂O₇ across the study area (Fig. 6 

and 7). Pearson correlation analysis reveals weak relationships 

between palaeochannel proximity and oxide concentrations (|r| 

< 0.3). In contrast, strong positive correlations are observed 

between clay-layer resistivity values and oxide concentrations, 

with correlation coefficients exceeding 0.75 for both Yb₂O₃ 

and Re₂O₇. The statistical relationships presented above are 

consistent across borehole locations and ERT profiles. Point-

based coordinates and oxide concentrations that have been 

utilized for spatial interpolation and correlation analysis are 

outlined in Table 2. While Pearson correlation provides a 

first-order assessment of spatial relationships, more advanced 

statistical or machine learning approaches may further 

enhance predictive capability, a subject that will be explored 

in future work. 
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Fig. 3. Two-dimensional ERT profile showing layered resistivity structure 

and the moderate-resistivity clay horizon at ~3–4 m depth associated with rare 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Spatial distribution of borehole locations relative to reconstructed 

palaeochannel networks in the study area 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Log bore (E680) 

3.5. Mechanistic controls on rare oxide occurrence 

 The results demonstrate that the spatial distribution of rare 

oxides is not significantly associated with palaeochannel 

geometry, despite the clear delineation of buried drainage 

systems (Fig. 1 and 2). This weak geomorphic–geochemical 

coupling indicates that palaeofluvial transport is not the 

dominant mechanism governing rare oxide occurrence in the 

study area. Instead, the strong correlation between oxide 

enrichment and the moderate-resistivity clay horizon (see Fig. 

3; Fig. 6–7) suggests that mineralization is primarily 

controlled by in-situ lithological and geochemical processes. 

A similar decoupling between geomorphic structures and 

geochemical anomalies has been reported in tropical lowland 

and regolith-hosted systems, where post-depositional 

processes dominate elemental redistribution [12,16,22]. 

Table 1. Mass composition of drill hole data 

Compound 
Mass compositions (%) 

E680 E683 E687 E690 E692 E695 

Al2O3 23.3 17 17.8 15 16 19.7 

SiO2 63.6 71.3 72.1 45.7 75.3 69.4 

Na2O 0.001 0.003 0.002 0.003 0.001 0.002 

MgO 0.002 0.001 0.003 0.001 0.002 0.001 

SO3       11    

P2O5   0.96      0.74 

K2O 0.32 0.13 0.12 1.1 0.092 0.14 

CaO 0.39 0.39 0.35 0.35 0.33 0.36 

TiO2 5.66 5.46 5.77 2.65 4.75 5.19 

V2O5 0.11 0.062 0.062 0.081 0.049 0.061 

Cr2O3 1.27 1.32 0.879 0.2 0.981 1.15 

MnO 0.042 0.039 0.029 0.13 0.027 0.032 

Fe2O3 4.37 2.45 2.03 19.9 1.73 2.38 

NiO 0.052 0.043 0.03 0.066 0.021 0.034 

CuO 0.049 0.042 0.039 0.072 0.035 0.039 

ZnO 0.01 0.007  0.02  0.005 

MoO3      3.5   

ZrO2 0.61 0.62 0.52  0.55 0.55 

Yb2O3 0.02 0.01 0.04 0.04 0.04 0.02 

Re2O7 0.07 0.08  0.08  0.06 

LoI 0.06 0.08 0.14 0.07 0.04 0.11 

Table 2. Spatial coordinates and concentrations of Yb₂O₃ and Re₂O₇ used for 

interpolation and correlation analysis 

No Sample ID 
Drill 

Hole 

Longitude 

(°E) 

Latitude 

(°S) 

Yb₂O₃ 

(wt%) 

Re₂O₇ 

(wt%) 

1 DHSL_1 E680 114.7034 3.3990 0.02 0.07 

2 DHSL_2 E682 114.7027 3.3991 0.00 0.00 

3 DHSL_3 E683 114.7033 3.3999 0.01 0.08 

4 DHSL_4 E685 114.7041 3.3835 0.00 0.00 

5 DHSL_5 E687  114.7053 3.3992  0.04 0.00 

6 DHSL_6 E689 114.7059  3.3980 0.00 0.00 

7 DHSL_7 E690 114.7064 3.3971 0.04 0.08 

8 DHSL_8 E692 114.7057 3.3985 0.04 0.00 

9 DHSL_9 E694 114.7046 3.3836 0.00 0.00 

10 DHSL_10 E695 114.7034 3.3994 0.02 0.06 

 

The clay horizon, identified at a depth of approximately 3–4 
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meters, functions as a low-permeability geochemical domain 

capable of retaining dissolved metal species. In humid tropical 

environments, smectite- and kaolinite-rich clays promote ion 

adsorption through surface complexation and cation exchange 

mechanisms [15,23]. The moderate resistivity values (20–50 

Ω·m) observed in this horizon are consistent with partially 

saturated clay layers experiencing periodic redox fluctuations, 

conditions known to enhance metal fixation and oxide 

stabilization [6,7]. This decoupling suggests that post-

depositional geochemical processes, including adsorption–

desorption cycles and redox-driven precipitation, exert 

stronger control over rare oxide localization than primary 

sediment transport mechanisms. This behavior is consistent 

with tropical regolith systems where chemical weathering and 

groundwater fluctuations dominate elemental redistribution 

rather than fluvial processes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Spatial distribution of Yb₂O₃ concentrations in the study area derived 

from IDW interpolation of borehole data 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Spatial distribution of Re₂O₇ concentrations in the study area derived 

from IDW interpolation of borehole data 

3.6. Source materials and in-situ formation processes 

The geochemical characteristics of the clay horizon indicate 

that Yb and Re were derived from the weathering of quartzitic 

and molybdenite-bearing lithologies of the Dahor Formation. 

Oxidative weathering of REE- and sulfide-bearing minerals 

releases mobile metal species that migrate over limited vertical 

distances before being immobilized within clay-rich horizons 

[12,15]. In lowland tropical systems, fluctuating groundwater 

levels further promote adsorption–desorption cycles, leading to 

localized enrichment within specific depth intervals rather than 

widespread lateral dispersion [16,23]. 

The confinement of Yb₂O₃ and Re₂O₇ enrichment to a 

narrow depth range (Fig. 4–5; Table 1) supports an in-situ 

formation model rather than detrital accumulation along 

palaeochannel pathways. Comparable depth-controlled 

enrichment has been documented in ion-adsorption-type rare 

earth deposits formed under intense tropical weathering 

conditions, where heavy rare earth elements have been 

observed to preferentially accumulate within specific clay 

horizons [15,22]. This behaviour is in contrast to that observed 

in fluvially controlled enrichment models reported in semi-arid 

systems, thus highlighting a distinct geochemical regime in 

humid tropical settings. 

3.7. Implications for integrated exploration workflows 

From a technological standpoint, the results demonstrate 

that palaeochannel mapping alone is insufficient for predicting 

rare oxide occurrence in tropical lowland environments. 

Despite the efficacy of cloud-based hydrographic analysis in 

the reconstruction of buried drainage systems at regional scales 

(Fig. 1–2) [4,5], these features do not reliably indicate 

subsurface geochemical enrichment. Instead, the integration of 

geophysical indicators—specifically moderate-resistivity clay 

horizons identified by ERT (Fig. 3)—with targeted 

geochemical validation provides a more robust screening 

strategy. 

The strong correlation between resistivity and oxide 

concentration (Fig. 6–7) highlights the utility of ERT as a 

proxy for identifying geochemical trapping horizons beneath 

peat–clay cover. When combined with GEE-based spatial 

analysis and laboratory XRF measurements, the proposed 

GEE–ERT–XRF workflow constitutes a scalable and 

reproducible framework for subsurface mineral screening in 

data-limited tropical environments. It has been posited that 

similar integrated, multi-sensor approaches should be 

considered for exploration in deeply weathered and regolith-

hosted systems, where surface indicators are minimal or absent 

[24,25]. The present study’s emphasis on methodological 

integration and workflow reproducibility aligns with recent 

contribution of applied science, as documented in 

Communications in Science and Technology. These 

contributions highlight the significance of transferable and 

operational analytical frameworks for environmental and 

subsurface characterization [26]. 

3.8. Broader applicability and methodological limitations 

While the present study focuses on Yb₂O₃ and Re₂O₇ in 

South Kalimantan, it is argued that the integrated workflow 

can be transferred to other tropical lowland systems 

characterized by thick sedimentary cover and restricted surface 

exposure. The approach is particularly suitable for early-stage 

exploration and environmental screening where non-invasive 

and reproducible methods are required. However, it is 
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important to note that the workflow does not substitute for 

detailed mineralogical, isotopic, or metallurgical analyses, 

which remain necessary for definitive genetic classification 

and resource assessment. The spatial representativeness of the 

results is constrained by the limited number of boreholes and 

the shallow investigation depth; therefore, conclusions should 

be interpreted as site-specific rather than universally 

applicable. It is important that future studies incorporating 

deeper drilling, larger spatial coverage, and multi-scale 

datasets are conducted to validate the scalability of the 

proposed framework. 

4. Conclusion 

The present study demonstrates that rare oxide enrichment 

in tropical lowland clays is governed primarily by in-situ 

lithological and geochemical controls rather than palaeofluvial 

transport. Integration of Google Earth Engine–based 

hydrographic analysis, electrical resistivity tomography, and 

X-ray fluorescence geochemistry reveals that Yb₂O₃ and 

Re₂O₇ are concentrated within a moderate-resistivity clay 

horizon at approximately 3–4 m depth, acting as an effective 

geochemical trap under fluctuating redox conditions. The 

weak spatial association with paleochannel networks is in 

contrast to the strong correlation between oxide concentration 

and resistivity, thus confirming a lithochemically controlled 

formation mechanism. Beyond site-specific findings, the 

proposed GEE–ERT–XRF workflow provides a preliminary 

operational and scalable framework for screening subtle, clay-

hosted mineralization beneath peat and alluvial cover. This 

offers practical value for mineral exploration and subsurface 

characterization in data-limited tropical environments. From 

an applied perspective, the workflow provides a cost-effective 

early-stage exploration tool for identifying clay-hosted rare 

oxide targets in environments where data is limited. 
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