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Abstract 
High overburden-to-ore ratios and complex lithostratigraphic heterogeneity 
increasingly limit the economic viability of sedimentary phosphate deposits. 
This study evaluates the techno-economic prefeasibility of shifting from a tra-
ditional single-commodity extraction to an integrated dual-commodity strat-
egy at the Al Abiad deposit. Geological characterization shows a clear inverse 
spatial relationship between the primary phosphate horizons and the overly-
ing bituminous marls (oil shale), creating rigid boundaries that challenge tra-
ditional mine planning. The assessment shows that a single-commodity ap-
proach yields a prohibitive average Stripping Ratio (SR) of 10.7:1. In contrast, 
the proposed dual-extraction strategy reclassifies the oil shale from waste to 
ore, capturing an additional 21.99 million m3 of energy resources and reducing 
the effective SR by approximately 44% to a sustainable 6.0:1. To address the 
valuation challenge of the non-traded oil shale, a Netback Electricity Pricing 
Model (NEPM) was developed, deriving the resource’s intrinsic value from 
regulated electricity tariffs rather than standard fossil fuel benchmarks. The 
analysis identifies a break-even electricity tariff of US $0.122/kWh, below 
which the resource has no economic value. Under current tariff structures, the 
co-extraction model is projected to increase net income by 19% to 28.7% com-
pared to the baseline. These findings confirm the integrated mining model as 
a robust approach to reducing resource sterilization, mitigating market vola-
tility, and advancing circular economy principles in the extractive industries. 
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1. Introduction 

The global mining industry faces significant pressure to sustainably supply essen-
tial raw materials, a necessity driven by population growth and the rapid expan-
sion of clean energy technologies [1]. This challenge is especially critical in ex-
tracting phosphate rock, a non-substitutable input for global food security, where 
reserves are showing declining grades and increased geological complexity [2]. 
The transition from high-grade to complex, low-grade ores requires moving ex-
ponentially greater volumes of rock, leading to perpetually rising stripping ratios 
(SR) [3]. The resulting environmental burden is critically assessed by the rock-to-
metal ratio, a key metric that emphasizes the widening gap between the mass of 
rock excavated and the volume of marketable product recovered [4]. 

In this context, the traditional linear mining model (mine, process, and dispose) 
has been shown to be both economically unsustainable and environmentally un-
acceptable [5] [6]. The industry’s strategic response is the accelerated adoption of 
circular economy (CE) principles, which seek to redefine waste materials as valu-
able resources [7]. The shift from waste management to resource valorization is 
crucial for reducing the projected accumulation of billions of tonnes of solid mine 
waste, effectively turning an environmental liability into an economic asset [5]. 
The valorization of co-existing resources within the overburden, often termed a 
“neo-mine” approach, is recognized as a key pathway to enhancing operational 
efficiency and lowering the effective SR [6]. 

A good example of investigating this concept is found in the Upper Cretaceous 
sedimentary basin of Jordan. In fact, it provides a critical case study for this multi-
resource imperative. Jordan is a major global player in phosphate production, yet 
phosphate horizons are interlayered with extensive deposits of bituminous marl, 
known as oil shale [8] [9]. Historically, the conventional mining strategy at de-
posits like the Al Abiad mine has treated this oil shale as barren waste, leading to 
its sterilization and artificially inflating the SR to economically marginal levels 
(often exceeding 10:1 in deeper sectors). 

This research evaluates a novel transformative strategy for the Al Abiad deposit: 
an integrated, dual-extraction operation that systematically co-valorizes both the 
primary phosphate ore and the co-located oil shale. The prefeasibility scope of this 
investigation is guided by three pivotal questions critical to modern mining sus-
tainability: First, how does the inverse geological relationship between phosphate 
thickness and oil shale presence compel a shift from bulk mining to a more selec-
tive, multi-commodity scheduling approach? Second, to what extent can reclassi-
fying oil shale from waste to an ore body meaningfully reduce the effective SR and 
enhance overall resource efficiency? And third, how can the economic potential 
of a non-traded energy commodity, such as oil shale, be accurately quantified 
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within a mining project’s financial framework using a novel and promising ap-
proach? 

By integrating high-fidelity resource characterization with advanced, scenario-
based techno-economic investigation, this study demonstrates that modern multi-
component analysis is indispensable for capturing the synergistic, non-linear eco-
nomic benefits of a diversified output strategy [1]. The findings aim to provide a 
practical blueprint for the sustainable development of similarly complex poly-re-
source deposits worldwide. 

2. Literature Review 

Sustainable mining has progressed beyond meeting environmental regulations, 
shifting from treating deposits as single-commodity resources to treating them as 
complex multi-asset systems. This change marks a transition from a linear ap-
proach that emphasized extracting high-grade materials and treated environmen-
tal stewardship as a post-closure concern [10] [11] toward a model based on the 
triple bottom line and the Social License to Operate (SLO) [12] [13]. Moreover, 
modern holistic mining views the mine not merely as an extraction site but as a 
connected component within a broader industrial network [1] [7] [11] [14]. Cen-
tral to this perspective is the circular economy (CE), which urges the sector to 
eliminate waste and keep materials in use [15]. From a CE perspective, resource 
efficiency encompasses more than metallurgical recovery rates; it also involves re-
ducing stripping ratios (SR) and rock-to-metal ratio while optimizing overall yield 
from a specific geological resource [4]. 

As a result, the poly-resource deposit has become an area of interest. Examining 
deposits from a single-commodity perspective often leads to the economic neglect 
of associated resources, a practice increasingly seen as outdated in the context of 
an unsustainable linear economy [6] [16]. The purposeful exploitation of a de-
posit’s makeup is now more than an efficiency strategy; it is essential for contem-
porary resource security. This is clearly seen worldwide in the creation of second-
ary products such as gallium from zinc deposits or cobalt from copper deposits, 
enhancing both the financial viability of projects and the robustness of supply 
chains [17]-[20]. Additionally, redefining tailings and waste rock as man-made 
ore sources underscores the considerable value hidden in previously mined-out 
waste [5]. As ore grades decrease globally, the rising financial and environmental 
costs associated with waste management render such efficiency a necessity [21]. 

Jordan provides an example of these intricate issues. Although Jordan is a global 
phosphate producer, it faces strategic pressure to optimize the use of its domestic 
resources in a market heavily influenced by Moroccan reserves [22]. Currently, 
more than 11 million tonnes of phosphate ore are produced at three major mines 
in Jordan: Eshidiya, Al Hassa, and Al Abiad. The proven geological reserve in Al 
Abiad exceeds 2.8 million m3. Surface mining procedures (drilling, blasting, and 
excavation) are used to extract phosphate ore. Overburden and interbedded non-
phosphate layers are scraped away and discarded in dumping areas. The phos-
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phate ore produced at these mines is transported by truck to the Aqaba port for 
export, as well as to the industrial complex in Aqaba, where it is distributed to 
associated companies and the local market [23].  

On the other hand, oil shale is the country’s largest proven fossil fuel resource, 
with reserves of about 40 - 70 billion tonnes [24]-[26]. This situation is distinctive 
because the oil shale is geologically intertwined with phosphate layers [24]-[26]. 
Jordanian oil shale is also unique in its properties. It is characterized by limestone 
containing a substantial amount of organic material (~10%) and notable sulfur 
levels (1.18% - 8.94%), making it both a valuable energy resource and an environ-
mental challenge [8] [9] [27]. In the Al Abiad region, the Al Hisa (also known as 
Al Hassa) Phosphorite Formation (AHP), rich in phosphate, is immediately over-
laid by the Muwaqqar Chalk Marl Formation (MCM), which contains the oil shale 
[8] [9] [28]-[31]. Such close geological interweaving requires an integrated extrac-
tion approach to avoid resource loss and control stripping ratios that often surpass 
10:1. 

Tapping into this poly-resource capability requires a techno-economic approach. 
Technically, the variability of interlayered phosphate and oil shale calls for a shift 
to targeted extraction. Sensor-based ore sorting (SBS), leveraging AI and ad-
vanced sensing technologies, is crucial for processing and waste reduction, ensur-
ing accurate segregation before energy-intensive treatment [32] [33]. Regarding 
oil shale valorization, Direct Combustion (DC) via Circulating Fluidized Bed (CFB) 
technology is currently among the best available techniques for oil shale burning, 
offering in-situ SO2 capture through limestone injection to mitigate primary pol-
lutants [34]. 

Nonetheless, technological feasibility alone does not ensure profitability. The 
practicality of adopting traditional energy forms such as oil shale is often influ-
enced more by the synthetic value created through regulatory mechanisms, in-
cluding Power Purchase Agreements (PPAs), than by free market forces [35] [36]. 
This creates a regulatory valuation paradox in which plentiful resources remain 
untapped without policy intervention. Thorough project evaluation should con-
sequently employ tools such as the Netback Electricity Pricing Model (NEPM) to 
assess the risk-adjusted value of energy minerals within their regulatory frame-
work [37]. At the end, transitioning from prescriptive to performance-driven reg-
ulation continues to facilitate these comprehensive projects [38]. The co-valoriza-
tion of phosphate and oil shale in the Al Abiad area thus represents a convergence 
of circular economy principles, strategic resource management, and sustainable 
policy, a nonlinear approach that this study aims to model. 

3. Methodology  
3.1. Study Area (Al Abiad, Central Jordan) 

The study area is in central Jordan, approximately 135 km south of Amman, as 
shown in Figure 1. The climate in this desert region is arid to semi-arid, with 
rainfall less than 100 mm and elevations ranging from 788 to 840 meters above 
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sea level. From a geological perspective, the Al Abiad deposit consists of lime-
stone, marl, chert, shale, and phosphates dating to the Campanian-Maastrichtian 
periods. Table 1 summarizes the stratigraphic positions of the primary ore (phos-
phate) and the secondary ore (oil shale) in central Jordan.  
 

 
Figure 1. Distribution of oil shale deposits in Jordan (left) and a detailed geological map of the study area showing lithostratigraphic 
units and borehole locations (right). The map is based on the Jabal Al-Mutarammil Map Sheet No. 3252 III [39]. 
 

Table 1. Stratigraphical position of phosphate and oil shale in central Jordan. 

Period Epoch Group Formation Unit [40] 

U
pp

er
 C

re
ta

ce
ou

s 

Paleocene  
(Danian)-Maastrichtian 

Be
lq

a 
G

ro
up

 (B
) Muwaqqar Chalk-marl 

Maastrichtian Hisa (Hassa) Phosphate 

Campanian-Santonian Amman Silicified Limestone 

Santonian-Coniacian Wadi Umm Ghudran Chalk 

Turonian Ajlun (A) Wadi As Sir Massive Limestone 

 
The surface geology of the investigated area (Figure 1) reveals a gently east-

ward-dipping sedimentary succession, with the economic Qattrana Phosphorite 
(QP) unit exposed along the western margin of the tenement. As the stratigraphy 
progresses eastward, the phosphate is conformably overlain by the MCM, a thick 
sequence of bituminous marl and chalky limestone that hosts the oil shale re-
sources discussed in this study. 

Structural mapping indicates a significant discontinuity; a series of NW-SE-
trending faults displace lithologic contacts, creating a compartmentalized struc-
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tural block. The exploration boreholes (BH.6 through BH.12) were collared pri-
marily within the MCM and Quaternary Alluvium (AL) zones to intersect the un-
derlying mineralized horizons at depth. This structural and stratigraphic config-
uration directly influences mine planning parameters, particularly variations in 
overburden thickness and stripping ratios across the deposit. 

3.2. Data Acquisition, Site Characterization, and Stratigraphic 
Analysis 

The geological foundation of this study relies on primary exploration data from 
the archives of the Jordan Phosphate Mines Company (JPMC), specifically for the 
Al Abiad phosphate deposit. The dataset comprises detailed lithological logs and 
assay results from a targeted drilling campaign, focusing on seven representative 
boreholes (BH.6 - BH.12) that delineate the stratigraphic profile of the deposit’s 
expansion area (Table 2). 

The provided borehole records include high-precision Easting/Northing coor-
dinates and elevation data relative to mean sea level. These records were digitized 
and validated to create a reliable spatial database for the subsequent resource in-
vestigation. The stratigraphic logging provided the vertical resolution needed to 
differentiate between the overburden units (Upper Cretaceous marl and chert), 
the potential energy resource (oil shale), and the economic phosphate horizon. 

 
Table 2. Borehole data in the Al Abiad area carried out by JPMC. 

Borehole thickness (m) 
Lithology Description 

BH.6 BH.7 BH.8 BH.9 BH.10 BH.11 BH.12 

2.00 0.50 0.50 0.50 0.50 0.50 2.50 Alluvium & Loose cuttings (Drift) 

12.00 12.50 12.50 11.50 11.50 12.00 12.50 Marl, Chert & Limestone 

10.50 10.50 9.00 9.10 8.50 9.00 8.00 
Marl, Clay, Limestone & Interbedded 

Phosphate 

1.00 0.80 1.00 0.90 2.20 1.10 1.00 Phosphate 

8.50 8.20 7.00 8.00 10.80 10.90 7.50 Marl, Limestone & Clay 

5.00 4.00 5.00 2.50 a a 2.00 Oil Shale 

0.50 1.50 0.50 1.00 b b 1.50 Clay 

1.50 0.50 0.50 0.50 0.25 1.25 0.40 Phosphate 

0.25 1.50 1.50 1.00 5.75 1.00 5.10 Marl, Chert & Limestone 

0.75 0.50 1.00 1.00 0.50 1.25 1.00 Phosphate 

3.50 3.30 3.50 4.00 0.25 4.50 3.00 Marl, Chert, Limestone & Phosphate 

0.75 0.70 0.75 0.75 0.25 3.50 0.40 Phosphate 

3.75 5.50 7.25 9.25 9.50 5.00 5.10 Marl, Chert, Limestone & Phosphate 

aNo oil shale layer. bNo clay layer. 
 

To translate the raw borehole data into a coherent geological model, a strati-
graphic reinterpretation was performed to correlate lithologic units across the 
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study area. The analysis focused on quantifying the vertical thickness of four key 
horizons: Overburden (consisting of Quaternary sediments and massive lime-
stone); Inter-waste (the calcareous waste rock separating the energy and mineral 
horizons); Oil shale (the bituminous marl layer, evaluated here for its co-extrac-
tion potential); and phosphate (the primary economic target). 

Spatial analysis was conducted using the polygon-of-influence method in 
ArcGIS software. This geometric approach assigns an area of influence to each 
borehole (ranging from 8.2 to 18.6 million m2) to calculate volumetric reserves. 
This method was chosen to account for the lateral geological heterogeneity ob-
served in the JPMC logs, such as the pinch-out of the oil shale unit in some sectors 
of the deposit (BH.10 and BH.11).  

The use of seven boreholes to characterize a 94.6 km2 domain is a primary con-
straint on the statistical reliability of volumetric estimates. With an average sam-
pling density of one borehole per 13.5 km2, spatial correlation between data points 
cannot be rigorously quantified via variography, necessitating the use of the geo-
metric polygon-of-influence method. This sparsity introduces two primary sources 
of uncertainty: Geological continuity risk and smoothing bias. The method as-
sumes linear continuity of phosphate and oil shale thickness between boreholes. 
However, observed pinch-outs in BH.10 and BH.11 suggest that the deposit ge-
ometry may be more complex, potentially leading to local overestimation of vol-
umes in areas distal to the drill collars. Also, the limited data preclude capturing 
small-scale stratigraphic variations or fault-induced offsets that might affect the 
stripping ratio. Consequently, the reserves calculated herein are classified as In-
ferred Resources under standard reporting codes. While sufficient for the prelim-
inary scope of this study and for identifying broad economic trends, these results 
should be viewed as a baseline for future high-density infill drilling campaigns 
required to elevate the resource to a “Measured” or “Indicated” confidence level.  

3.3. Mineable Reserve, Life of Mine and Production Rate 
Calculations 

The geological reserve was calculated by multiplying the area of influence for the 
boreholes with the average thickness of each block. By calculating the total volume 
of the influenced boreholes, the tonnage formula can be used as the fundamental 
building block for estimating ore reserves by multiplying with the specific gravity 
of the ores. Once tonnage is calculated the mineable reserve can be estimated by 
taking into consideration the recovery rate (90%) and the dilution factor (5%) for 
open pit mining as specified by [41]. The life of mine can be estimated by dividing 
the mineable reserves by the total annual production rate of the ores. Here, the 
annual production rates (Pi) were set based on JPMC’s operational data and min-
ing expert opinions (P1 = 700,000 m3/year for phosphate, and P2 = 500,000 m3/year 
for oil shale) [23]. The mine capacity (C) (extracting both ore and waste, m3/year) 
is calculated using the following formula [41]: 

 ( ) 1  SR 1 n
iiC P

=
= + ×∑   (1) 
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where SR is calculated as the volume of total waste divided by the total ore volume, 
i is the ith ore, depending on the scenario under consideration (i = 1 for phosphate 
and i = 2 for oil shale), and n is the total economic ore; here, n = 2. Two scenarios 
can be drawn in this study: 
 Scenario I: the traditional mining option of assuming that the economic ore 

under concern is only phosphate. 
 Scenario II: where the target is to minimize waste and valorize all possible re-

sources in line with circular economy principles, the oil shale is redefined as a 
potential economic energy resource. 

3.4. Equipment Selection and Fleet Sizing 

Accurately determining the capacity and fleet size of mining equipment is crucial 
for establishing the project’s capital expenditure (CAPEX) profile. After outlining 
the total mineral reserves, a comprehensive mine development plan was created. 
This plan incorporates spatial constraints, such as the optimal placement of stock-
piles and external and overburden dump sites, which directly affect cycle times 
and equipment mobility, as shown in Figure 2. 
 

 
Figure 2. Mine layout sketch for the proposed study area. 

 
The operational framework for both scenarios comprises standard mining unit 

operations: ripping/dozing, drilling, blasting, loading, and haulage [42]. To achieve 
the target annual production capacity of 8.4 million m3, the required machinery 
was dimensioned using the specific algorithmic methodology detailed in our pre-
vious work [43]. Crucially, theoretical production rates were adjusted to reflect 
operational realism by applying specific coefficients for mechanical availability 
and effective utilization. This approach is further substantiated by established 
equipment selection principles and empirical performance metrics defined by 
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[44]-[46]. 

3.5. Economics Calculations 

CAPEX and operational expenditure (OPEX), including fuel, salaries, mainte-
nance, and drilling/blasting, were estimated using vendor quotes, contractor esti-
mates, and expert input from the Jordanian mining sector [23] [47] [48]. Revenues 
from phosphate were calculated using current commodity prices [49], while the 
economic value of oil shale was estimated here using the netback electricity pric-
ing model (NEPM), as detailed below. 

Valuation of Oil Shale Using NEPM 
The economic assessment of oil shale is difficult because there is no market for 
the unprocessed resource and no transparent spot price for raw oil shale. Conven-
tional oil-equivalence approaches are primarily used in processes that produce 
shale oil [50]-[52]. However, when oil shale is used for power generation, as in the 
case of the Attarat power plant (APCO), NEPM is proposed. This framework de-
rives the intrinsic economic value of the in-situ ore body not from its theoretical 
hydrocarbon content, but from the realized revenues of selling the generated elec-
tricity, the final commercial product. 

To obtain a realistic estimate, the model was calibrated against APCO’s opera-
tional parameters, assuming a baseload capacity of 470 MW to generate approxi-
mately 3700 GWh annually (representing ~15% of Jordan’s electricity demand) 
[53]-[55]. The mass balance calculation relied on the specific calorific value of the 
Jordanian oil shale reserve (7.5 MJ/kg) [56]. Based on APCO data, this generation 
scale required an annual throughput of 10 million metric tons (Mt) of raw shale 
(equivalent to 0.3 Mt of oil equivalent). And, at the current PPA rate of US$0.17 
per kWh [53]-[55] [57] the estimated annual revenue from selling the generated 
electricity was about $629 million (based on APCO benchmark capacity of 10Mt). 
This, consequently, predicts a gross value of oil shale of about $62.9 per ton. The 
NEPM model showed that the resource had no value if the electricity rate fell be-
low $0.122/kWh (equivalent to $45/t), the break-even point. If the levelized pro-
cessing cost was estimated at $45 per ton, the net intrinsic value was roughly 
$17.90 per ton. The current PPA rate encourages the use of oil shale; however, to 
ensure the project’s long-term viability, tariff prices should be regulated. 

4. Results and Discussion 

In this work, the Al Abiad deposit was assessed with respect to lithostratigraphic 
variability, potential resource reserves, mining operations, and techno-economic 
analysis. A combined dual-commodity approach is shown to offer both practical 
and significant enhancements to the project’s outlook, primarily by substantially 
lowering the effective stripping ratio and improving economic viability. Addition-
ally, a financial framework for appraising oil shale is proposed, revealing that its 
profitability hinges crucially on controlled electricity prices rather than on stand-
ard oil-market conditions. 
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4.1. General Geology and Borehole Analysis 

Investigating the geological record in borehole data logs (BH6 - BH12) is vital for 
characterizing subsurface stratigraphy and revealing the spatial distribution of re-
sources. Borehole data analysis indicates that the sedimentary formation spans an 
estimated area of 94.6 km2, as shown in Table 3. Although the overlying layers 
show lateral uniformity, the economic strata exhibit structural variability (Figure 
3). Quaternary alluvium and Upper Cretaceous limestone/marl formations are the 
main constituents of the cover layer, with a relatively consistent depositional pat-
tern and thicknesses ranging from 20.5 to 24.5 m in BH.10 and BH.6, respectively. 
This suggests a quiet, uniform depositional rate that caused horizontal uniformity.  
 

 
Figure 3. Subsurface lithology distribution based on borehole data. 

 
Table 3. Borehole analysis illustrates the influence area and material thicknesses. 

BH ID. 
Coordinatesa 

Elevationa 
Influence 
area (m2) 

Layer Thickness (m) 

East North Overburden Interwaste Oil Shale Phosphate 

BH.6 260999.8 1063353.1 810.1040 12,127,000 24.5 12.75 5.0 4 

BH.7 260951.0 1063307.8 809.5090 15,075,000 23.5 14.50 4.0 2.5 

BH.8 260853.6 1063346.9 809.4230 18,680,000 22.0 12.50 5.0 3.25 

BH.9 260748.4 1063347.3 809.6730 13,119,000 21.1 14.00 2.5 3.15 

BH.10 260646.9 1063348.2 810.4640 15,058,000 20.5 16.80 0.0 3.2 

BH.11 260800.6 1063455.6 809.3130 8,205,000 21.5 16.40 0.0 7.1 

BH.12 260700.0 1063450.0 810.0000 12,336,000 23.0 17.10 2.0 2.8 

Total 94,600,000     

aBorehole coordinates and elevations were obtained from JPMC. 
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Conversely, the fundamental mineralized zones show geological variability. The 
primary focus, phosphate, appears in every borehole. Phosphate shows consider-
able variation in thickness, ranging from 2.5 m in BH.7 to 7.1 m in BH.11. The oil 
shale layer above is lens-shaped, with notable thicknesses (5.0 m) in BH.6 and 
BH.8, yet it is completely missing in BH.10 and BH.11. A spatial inverse correla-
tion between the two resources is observed; BH.11, lacking oil shale, contains the 
phosphate deposit. This irregularity in the depositional pattern may be attributed 
to paleoenvironmental influences, such as a paleostructural elevation that inhib-
ited the accumulation of lower-energy bituminous marls (oil shale) while concen-
trating heavier phosphatic pellets. The finding is consistent with regional facies 
variations observed in the literature [9] [58] [59]. 

Table 4 presents the estimated volumetric measures of overburden, inter-waste, 
and the economic resources: phosphate and oil shale. The overall material move-
ment required is substantial, with waste volumes (overburden and inter-waste) 
totaling 351.14 million m3, compared with 34.88 million m3 of phosphate and 
23.27 million m3 of oil shale. This difference calls for an examination of the SR, 
which serves as the main metric for assessing economic viability in open-pit min-
ing [3] [4]. In Scenario I, with oil shale treated as waste, the mean SR is 10.7, peak-
ing at 16.8 in BH.7. These levels often make low-to-medium-grade deposits eco-
nomically unviable because of high waste-handling expenses [41]. However, in 
Scenario II, which redefines oil shale as ore, the average SR drops to 6.0, repre-
senting a reduction of about 44%. The most significant reduction occurs in BH.7, 
where the SR falls from 16.8 to 5.8. This tactical change aligns with the idea that 
sustainable resource efficiency serves as an economic motive [60]. 

 
Table 4. Reserve analysis for the two scenarios. 

BH ID. 

Total overburden 
and inter-waste 

volume 
(million m3) 

Total oil shale 
volume 

(million m3) 

Total 
phosphate 

volume 
(million m3) 

Stripping Ratio 

Scenario I Scenario II 

BH.6 46.0 6.2 4.9 10.6 4.1 

BH.7 31.2 3.3 2.1 16.8 5.8 

BH.8 51.6 7.5 4.9 12.2 4.2 

BH.9 46.6 3.3 4.2 11.9 6.2 

BH.10 68.5 0 5.9 11.7 11.7 

BH.11 46.7 0 8.7 5.3 5.3 

BH.12 60.7 3.0 4.2 15.0 8.4 

Total 351.3 23.3 34.9 - - 

Average stripping ratio 10.7 6.0 

 
However, the observed geological heterogeneity limits the mining techniques 

used. For example, in areas where oil shale is absent (BH.10 and BH.11), SR re-
mains unchanged across all scenarios. This calls for a targeted mining order rather 
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than a straightforward borehole-to-borehole approach. Here, adaptive production 
mixing and cross-subsidy techniques can be employed. This means that blocks 
with high-profit margins and low SRs (BH.11) should support the development 
of blocks with negative margins and high SRs (BH.10). Doing so can avoid high-
grading and optimize overall resource use [61]. Also, given the variability, the 
classification of ore versus waste needs to be flexible. Optimization methods, such 
as mixed-integer linear programming, might be used to schedule extraction, fo-
cusing on low-SR blocks first to enhance net present value and generate cash flow 
to support the later extraction of high-burden zones [62]. Also, the lenticular 
shape of the oil shale necessitates the use of resilient geostatistical techniques, such 
as Ordinary Kriging or Conditional Simulation, to avoid overestimation and the 
deployment of machinery in productive areas [63]. A run-of-mine (ROM) blend-
ing stockpile is crucial to reduce the variation discussed and provide a stable and 
sustained ore input to subsequent operations [64]. 

4.2. Mining Method and Operational Strategy 

The co-extraction of phosphate and oil shale, along with the nature of the geolog-
ical conditions, necessitates an accurate open-pit mining operation. Also, the in-
verse relationship between the resource demands techniques that guarantee the 
distinction of three separate material flows: phosphate ore, oil shale, and waste, 
such as the bench-cutting approach. This is paramount to reduce any possible 
contamination and preserve the resources’ value.  

The machinery fleet and mine configuration (Figure 2) are designed to imple-
ment this approach. The production process involves ripping and dozing for over-
burden, drilling and blasting for hard caprock, along with specific load-and-haul 
phases. A control system directs each excavated material to its assigned area 
(phosphate stockpile, oil shale stockpile, and waste dump), ensuring resource-
handling management. This allows an advanced stockpiling and blending ap-
proach to maintain a uniform supply of materials for subsequent operations [65]. 

4.3. Sensitivity Analysis 

A sensitivity analysis was conducted to evaluate the elasticity of oil shale’s value 
with respect to market electricity prices (see Figure 4). This analysis treated oil 
shale value as a derivative of the tariff spread rather than global oil prices. Figure 
4 showed that the break-even threshold occurred at a tariff of $0.122/kWh. Below 
this price, revenue from using oil shale as a fuel for electricity generation was in-
sufficient to cover mining and processing costs  and the capital recovery of the oil 
shale power plant. This indicated that, in this case, oil shale was economically ster-
ile, with a value of zero or negative. Notably, at grid-parity prices driven by re-
newable alternatives (such as electricity generated from solar energy using photo-
voltaic technology (PV) at an assumed price of $0.06/kWh), theoretical revenues 
dropped to negative $22/tonne, resulting in a substantial net loss. This confirmed 
that the deposit’s commercial-grade status was artificial, sustained primarily by 
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the difference between the fixed PPA tariff and the market rate. The potential to 
mitigate these high break-even costs is further explored in Scenario II, which ex-
amines the economic impact of co-extracting the phosphate deposits alongside oil 
shale. 
 

 
Figure 4. Sensitivity analysis of oil shale net value versus electricity tariff. 

4.4. Economic Analysis  

The economic analysis of the two proposed scenarios depends on the operational 
parameters of the mining activities. Table 5 summarizes the key parameters of 
mining operations. Scenario II shifts the project from being waste-dependent to 
an effective multi-resource venture. The extractable phosphate reserve remains 
unchanged at 32.96 million m3. Scenario II also recovers an additional 21.99 mil-
lion m3 of oil shale, following the principles of circular economy and industrial 
ecology [66]-[68]. 
 
Table 5. Mineable reserves, mine life, and annual production capacity for the two scenar-
ios. 

Item 
Scenario Ia Scenario II 

Phosphate Phosphate Oil Shale 

Mineable reserve (million m3) 32.96 32.96 21.99 

Annual production rate (million m3/year) 0.7 0.7 0.5 

L (year) 47 46 

Total annual mine capacity (million m3/year) 8.19 8.4 

aOil shale is considered waste in Scenario I. 
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While Scenario II requires about 2.6% of the mine’s annual capacity, this oper-
ation is more efficient because a large portion is allocated to oil shale, which gen-
erates revenue. The mining activities in this project are estimated to last around 
45 years in both cases, classifying it as a strategic asset and allowing for extended 
capital depreciation. 

CAPEX and OPEX were calculated as shown in Table 6. The overall CAPEX 
amounts to US$4.61 million, assuming a 10% straight-line depreciation rate. Yearly 
OPEX is mainly driven by energy expenses, resulting in on-site OPEX of US 
$12.75 million (Tables 7-9). Logistics are the cost driver; annual transport ex-
penses to the port of Aqaba and the APCO facility total US$47.53 million, which 
is 3.7 times direct mining expenses, underscoring the project’s vulnerability to 
fluctuations in fuel prices and transport distances (Table 10). 

 
Table 6. Mining machinery and estimated CAPEX for the Al Abiad deposit. 

Item Category 
Equipment/ 

Infrastructure 
Quantity 

Unit Cost 
(US$) 

Total Cost 
(US$) 

Capital Equipment Grader 2 110,000 220,000 

 Bulldozers 3 150,000 450,000 

 Drilling Machine 4 120,000 480,000 

 Shovels 5 150,000 750,000 

 Trucks 10 150,000 1,500,000 

 Water Tanker 2 30,000 60,000 

 Service Truck 2 25,000 50,000 

 Diesel Tanker 2 25,000 50,000 

 Explosive Truck 2 25,000 50,000 

 Forklift 2 25,000 50,000 

 Buses 4 30,000 120,000 

 Grease Truck 2 25,000 50,000 

 Pickup Trucks 4 25,000 100,000 

1. Subtotal Equipment    3,930,000 

Infrastructure Fuel Tanks - - 4000 

 Septic Pool - - 10,000 

 Fence - - 25,000 

 Local Roads Opening - - 40,000 

 Water Tanks - - 3,000 

 Houses & Offices - - 250,000 

 Workshop - - 250,000 

2. Subtotal Infrastructure    582,000 

3. Exploration Costs    100,000 

TOTAL CAPEX (1 + 2 + 3)    4,612,000 

Depreciation (10%)    461,200 
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Table 7. Estimated annual labor costs (Summary of key personnel). 

Category Count Monthly Salary ($) 
Annual Cost 
(million $) 

Management & Admin 8 1500 - 2500 0.205 

Engineers & Geologists 8 1800 0.172 

Equipment Operators 44 700 - 1400 0.6442 

Technical Support (Mech/Elec/Drill) 16 1000 - 1400 0.2204 

General Labor & Security 16 600 0.1152 

Subtotal Salaries 92  1.36 

Benefits (Vacation & Social Security)   0.285 

 
Table 8. Estimated annual fuel and maintenance costs. 

Equipment Type Units 
Daily Consumption 

(L/hr) 
Annual Cost  
(million $) 

Load & Haul (Shovels/Trucks) 15 30 - 35 2.49 

Support (Dozers/Graders) 5 30 - 70 1.42 

Drilling & Auxiliary. 8+ 4 - 40 1.17 

Fluids & Maintenance.   0.15 

TOTAL FUEL & FLUIDS   5.23 

 
Table 9. Summary of On-Site OPEX. 

Cost Center Annual Cost (Million US$) 

Depreciation (10% of CAPEX) 0.46 

Labor (Salaries + Benefits) 1.64 

Energy (Fuel, Oil, Lubricants) 5.23 

Spare Parts & Maintenance (10% of CAPEX) 0.46 

Drilling & Blasting ($0.55/m3) 4.95 

TOTAL SITE OPEX 12.74 

 
Table 10. Cost of transporting ores to designated destinations. 

Item Total Annual Cost (million $)a 

Phosphate Transport (to Aqaba) 37.730 

Oil Shale Transport (to APCO) 9.8 

Total Logistics Cost 47.53 

aBased on a unit rate of 0.1$/(tonne∙km).  
 

A comparative economic analysis of the two scenarios is summarized in Table 
11. Essentially, Scenario I is expected to generate gross revenue of about US $231 
million from the sale of 1.54 million tons of phosphate at US $150 per ton. The 
estimated net income is US $126.4 million after deducting OPEX, transportation 
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costs, and the 30% mining tax. However, adding oil shale valorization expands the 
income base. Using the NEPM-based price range (US $45.00 - 62.90 per ton of oil 
shale) yields net income of approximately US$150.4 million to US $162.4 million, 
representing about a 19% to 28.7% increase over the baseline scenario. Even at the 
intrinsic value of oil shale (US $17.9 per ton), net income rises by about 4.3%. 

 
Table 11. Comparative economic analysis of extraction scenarios (in Million US$). 

Economic Indicator 
Scenario I 

(Phosphate only) 
Scenario II 

(Phosphate + oil shalea) 

Production Volume 1.54 million tonne 
1.54 million tonne (Phosphate) + 

0.98 million tonne (Oil Shale) 

Gross Revenue 231.0 275.1 - 292.6 

Pre-tax Profit 180.5 214.8 - 232.3 

Mining Tax (30%) (54.2) (64.4 - 69.7) 

Net Income 126.4 150.4 - 162.6 

Increase over baseline — +19.0% to +28.7% 

aRange based on oil shale price sensitivity ($45 - $62.9/tonne). 
 

While this study provides a targeted evaluation of the sensitivity of oil shale 
value to fluctuations in electricity tariffs, it is important to contextualize these 
findings within the broader economic landscape of the project. The projected in-
creases in net income (19% - 28.7%) isolate the impact of energy pricing to 
demonstrate the resource’s value elasticity. However, in a full-scale operational 
environment, other significant variables, most notably fuel prices affecting logis-
tics (the largest OPEX component), commodity price volatility, and CAPEX ad-
justments, would introduce additional layers of risk. While a multi-variable risk 
assessment was outside the immediate scope of this energy-focused analysis, these 
factors remain critical for future site-specific feasibility studies. These results 
should therefore be interpreted as an indicator of energy-price sensitivity rather 
than an absolute financial forecast across all market conditions. 

In summary, the co-extraction strategy significantly improves the project’s eco-
nomic outlook and resilience. It not only aims to lower SR and related costs but 
also generates additional income as a hedge against fluctuations in the phosphate 
market. This is especially important because it helps keep the mine operational 
and employment stable even during commodity downturns, which is vital for sus-
tainable mining. This study presents a practical approach for applying sustainable 
material management and circular economy principles. The Al Abiad project 
shows that the viability of marginal phosphate deposits in Jordan heavily relies on 
co-extracting the overlying oil shale. Scenario II transforms the operation into a 
resilient industrial complex, balancing logistical costs with dual revenue streams. 
Future research should focus on expanding borehole activities to produce detailed 
geostatistical conditional simulations of the precise boundaries between ore and 
waste, helping to define the size of selective mining units better and optimize the 
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ROM homogenization stockpiles needed for consistent plant feed [5] [7] [32] [33]. 

5. Conclusions 

The investigation into the Al Abiad deposit underscores the critical need to tran-
sition from conventional mono-commodity extraction to an integrated poly-re-
source mining model in complex sedimentary basins. This study synthesizes 
lithostratigraphic characterization with techno-economic modeling to demon-
strate that sustainable resource management is not merely an environmental com-
pliance mechanism, but the primary driver of economic feasibility in high-strip-
ping-ratio deposits. 

Geological Constraints and Selective Mining Implications: The borehole anal-
ysis reveals a depositional environment defined by significant lateral heterogene-
ity. While the calcareous overburden is geometrically consistent, the economic 
horizons exhibit a distinct inverse thickness relationship; notably, the phosphate 
resource thickens (up to 7.1 m) in zones where the oil shale is absent (e.g., BH.11). 
This suggests localized high-energy paleo-environmental controls that winnowed 
lighter bituminous sediments while concentrating phosphatic pellets. Conse-
quently, a linear, block-by-block mining sequence is operationally flawed. The 
study confirms that blind bulk mining would result in significant resource sterili-
zation and negative margins in high-burden sectors like BH.10. Instead, the oper-
ation requires a stochastic scheduling approach that uses dynamic blending and 
cross-subsidization, with high-yield blocks (BH.11) supporting the development 
of high-stripping-ratio zones. 

The Decoupling of Waste and Value: The most transformative finding of this 
research is the quantification of the circular economy effect on mine geometry. 
Under the conventional mono-commodity scenario (Scenario I), the project faces 
a prohibitive average SR of 10.7:1, rendering it economically marginal. By reclas-
sifying the oil shale from waste to energy ore (Scenario II), the effective SR is re-
duced by 44% to 6.0:1. This operational shift aligns with industrial ecology prin-
ciples, proving that co-valorization significantly reduces the environmental foot-
print by minimizing ex-pit waste volumes while simultaneously enhancing the net 
income by approximately 19% - 29%. 

Valuation via the NEPM: This paper introduces the NEPM as a novel frame-
work for valuing non-traded energy commodities, such as oil shale. The sensitivity 
analysis demonstrates that the commercial grade of the oil shale is synthetic, de-
rived not from its geological calorific value, but from the regulatory electricity 
tariff. The resource holds positive economic value ($17.90/t) only when sustaining 
a PPA tariff above the break-even threshold of US $0.122/kWh. Below this thresh-
old, or at grid-parity prices with solar PV ($0.06/kWh), the resource becomes an 
economic liability. Thus, the feasibility of the dual-extraction model is contingent 
upon long-term, fixed-tariff offtake agreements that insulate the operation from 
market spot-price volatility, as is the case in APCO. 

Strategic Outlook: In conclusion, Al Abiad project demonstrates that the via-
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bility of marginal phosphate deposits in Jordan is inextricably potential to the co-
extraction of overlying oil shale. The proposed Scenario II transforms the opera-
tion into a resilient industrial complex where the logistical costs—dominating 
OPEX at a factor of 3.7 times the mining cost—are offset by dual revenue streams. 
Future work should focus on the rigorous geostatistical conditional simulation of 
the hard boundaries between ore and waste to further refine the selective mining 
unit sizing and optimize the ROM homogenization stockpiles required for con-
sistent plant feed. 
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