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Abstract  Phosphate rock (PR) is the key raw mate-
rial in phosphatic fertilizers. However, the phospho-
rus (P) in PR is generally unavailable for crop nutri-
tion. Currently, direct application of PR (DAPR) to 
crops accounts for less than 1% of the global annual 
P consumption of 21.4 million metric tons (Mt) of P 
equivalent. This paper reviews the International Fer-
tilizer Development Center’s (IFDC) fifty years of 
research on DAPR as an alternative or supplement to  
water-soluble phosphate (WSP) fertilizers in acidic 
soils of the sub-humid and humid tropics. It high-
lights the significant advancements IFDC made in 
identifying basic principles determining the effective-
ness of PR fertilizers including mineralogy, chemical 
reactivity, surface area and influential soil and crop 
factors. It also summarizes agronomic outcomes and 
identified economic factors impacting PR use. Exam-
ples of the use of the PR decision support system 
(PRDSS) developed by IFDC to integrate soil, crop, 
PR source and site factors to predict the relative agro-
nomic effectiveness (RAE) and economic feasibility 

of the PR source are presented. Finally, the paper 
summarizes specific farming strategies and ongoing 
research that will influence the direct application of 
PR in the future.

Keywords  Phosphate rock · Water-soluble 
phosphate fertilizers · Direct application phosphate 
rock · Agronomic effectiveness · Economic 
considerations · Phosphate rock decision support 
system (PRDSS) · Decentralized/localized production

Introduction

Phosphorus (P) is a critical nutrient for soil fertility 
and sustainable crop production in all agricultural 
systems. For many years, the need for P has been pri-
marily met by using highly water-soluble P (WSP) 
fertilizers, including single superphosphate (SSP), 
triple superphosphate (TSP), monoammonium phos-
phate (MAP), and diammonium phosphate (DAP), 
produced from phosphate rock (PR) minerals. Recent 
global annual consumption of these fertilizers is about 
21.4  million metric tons (Mt) of P equivalent (IFA 
2022). However, high cost and limited accessibility 
pose significant challenges for smallholder farmers, 
particularly in sub-Saharan Africa and other resource 
constrained regions. Since its establishment in 1974, 
the International Fertilizer Development Center 
(IFDC) has addressed these challenges by advancing 
research on phosphate rock (PR) as a cost-effective 
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and locally available alternative to WSP fertilizers 
with special emphasis on the use of indigenous PR on 
acidic soils in low-income countries (Stangel 1978). 
This review of IFDC’s research on the direct applica-
tion of PR (DAPR) is structured to present the evolu-
tion of the research from initial activities to identify 
inherent PR characteristics and external physical and 
economic factors affecting P availability, followed 
by a summary of hundreds of global agronomic tri-
als, important impacts and a case study highlighting 
recent research. The final component notes current 
and future opportunities that may increase the use 
of PR (Barreto et  al. 2018; Chtouki et  al. 2022; de 
Amaral Leite et al. 2020).

Despite its potential, global PR consumption for 
direct application remains below 1% primarily due 
to its lower solubility compared to WSP fertilizers, 
variability in mineralogical properties, and logisti-
cal challenges associated with local availability and 
processing (IFA 2022). Adoption rates are further 
constrained by limited awareness of PR’s agronomic 
benefits, inconsistent policy support, and the need 
for tailored recommendations based on soil and crop 
characteristics. In the past 50 years, IFDC has iden-
tified, characterized, modified, and chemically ana-
lyzed over 60 PRs and conducted agronomic evalu-
ations of direct application of indigenous PRs on 
acidic soils in sub-humid and humid tropics in Latin 
America, Southeast Asia and sub-Saharan Africa 
(SSA). Several in-depth reviews on IFDC’s global 
research on the agronomic effectiveness of PRs and 
modified PRs have been published (Chien 2003a, 
b; Mokwunye 1991; Chien and Menon 1995; Chien 
et  al. 2010; Hammond et  al. 1986b; Mokwunye and 
Vlek 1986). Thus, this paper highlights IFDC’s 
research that identified factors determining the ability 
of PRs to supply plant-available P, while noting perti-
nent non-agronomic factors that influence adoption of 
DAPR for annual crops.

This review also seeks to identify the possible 
roles of PR sources in addressing the present-day 
conundrum of simultaneous deficiencies and excesses 
of P across global agricultural systems. In SSA, P 
deficiencies severely limit crop production and con-
tribute to land and water degradation via nutrient 
mining and erosion (Craswell and Vlek 2010; Henao 
and Baanante 1999, 2006; MacDonald et  al. 2011). 
In other regions with intensive crop production, large 
legacy P loads have been identified as a major cause 

of eutrophication and leaching of soluble P in sandy 
soils, resulting in degradation of surface and ground-
water quality (Maguire and Sims 2002). Together, 
these two very different P nutrient use scenarios pre-
sent major challenges to sustaining food and fiber 
production while addressing the increasing environ-
mental concerns associated with land and water deg-
radation (Mikkelsen et al. 2014; Scholz et al. 2014). 
They also highlight the need for sustainable P man-
agement strategies. Phosphate rock offers a potential 
solution by providing a cost-effective and environ-
mentally friendly alternative for addressing P defi-
ciencies in SSA (Iseki et al. 2024; Lompo et al. 2018; 
Traore et  al. 2019) while reducing dependency on 
WSP fertilizers in regions with excess legacy P (Syers 
et  al. 2008). However, addressing these challenges 
requires a nuanced understanding of the agronomic, 
economic and environmental factors influencing PR 
use.

Agronomic effectiveness of phosphate rock 
for direct application

Phosphate rock is a general term used to describe 
naturally occurring mineral assemblages with high 
concentrations of phosphate minerals. Almost all 
global production of phosphate fertilizers is based 
on PR containing mineral apatite. Figure  1 presents 
the two major types of PR deposits (sedimentary 
and igneous) and identifies other phosphorite occur-
rences resulting from coastal upwellings that deposit 
P-rich water on continental shelves and along coast-
lines (blue bands) and seamounts (blue circles) in the 
Atlantic and Pacific oceans (Pufahl and Groat 2017). 
Sedimentary PR deposits provide 80–90% of the total 
annual global production of PR and, depending on 
the level of carbonate substitution, vary in reactivity 
from low to high. It is the highly reactive sedimentary 
PRs that have the potential to substitute directly for 
WSP in annual crops. Igneous deposits in Brazil, Fin-
land, Russia, South Africa, and Zimbabwe account 
for the remaining 10–20% of global PR production. 
These apatite varieties are relatively unreactive and 
are unsuitable for direct application (Puhafl and Groat 
2017; Van Kauwenbergh 2010).

Prior to the early  1960 s, researchers operated 
under the incorrect assumption that all PRs behave 
similarly when directly applied to the soil. However, 
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subsequent studies, including work done by IFDC 
demonstrated that the agronomic effectiveness of PR 
varies significantly depending on its mineralogical 
and chemical composition, as well as the influence of 
soil, crop, environment, and management factors.

Mineralogy and chemical composition of phosphate 
rock

An early report by Lehr and McClellan (1972) 
revealed that X-ray diffraction research indicated 
the mineral of most importance in PRs was apatite. 
Apatite varies in physical, chemical, and crystal-
lographic properties but generally is in the form of 
carbonate apatite (francolite), with varying degrees 
of isomorphic substitutions in an empirical for-
mula as Ca10−a−bNaaMgb(PO4)6−x(CO3)xF2+0.4x, 
where a, b, and x are mole fractions of substituted 
ions. These results indicated the degree of isomor-
phic substitution of carbonate for phosphate in the 
apatite structure was the key factor in determining 

the reactivity of PR. X-ray diffraction studies also 
revealed that the unit cell a-dimension of apatite 
decreased as the mole ratio of CO3:PO4 increased. 
Results also confirmed earlier findings that the unit 
cell a-dimension of apatite could be used to esti-
mate the mole fraction of carbonate substitution 
for phosphate. Finally, a correlation plot of neutral 
ammonium citrate (NAC) soluble P versus the mole 
ratio of CO3 to PO4 of the apatite in 49 different PRs 
demonstrated the solubility of those PRs increased 
as the carbonate substitution for phosphate in the 
apatite structure increased.

Building on these foundational studies, IFDC has 
undertaken detailed analyses of over 60 PR deposits 
located in the tropics. The mineralogy of the PRs 
was analyzed using X-ray diffraction, infrared spec-
troscopy, and electron microscopy. Comprehensive 
chemical analysis by extraction was used to deter-
mine the distribution of chemical species (e.g., 
total P2O5, citrate-soluble P2O5, CaO, SiO2, and F 

Fig. 1   Global phosphate rock deposits (Source: Pufahl and Groat 2017)
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content) within the mineral components (McClellan 
1980; Van Kauwenbergh 2010).

Chemical reactivity of phosphate rock

Phosphate rock solubility is a critical determinant of 
its agronomic effectiveness. Widely used chemical 
extractants include neutral ammonium citrate (NAC) 
in the USA, 2% citric acid (CA) in most countries, and 
2% formic acid (FA) in European countries. IFDC’s 
early research disclosed that interpretation of solubil-
ity measurements could be affected by the presence 
of accessory minerals in association with the apatite. 
Chien and Hammond (1978) compared the solubility 
of seven PRs varying widely in apatite reactivity and 
free carbonate (calcite and dolomite) content. Among 
methods assessed, NAC2 (second extraction) and 2% 
FA were better correlated with crop data than NAC1 
(first extraction) and 2% CA. The poorer correlation 
of NAC1 was attributed to depressed solubility due 
to the presence of free carbonates (calcite and dolo-
mite) in some of the PRs, culminating in an underes-
timation of PR solubility because free carbonates are 
more soluble than apatite. When NAC2 was used, the 
solubility of the PRs correlated well with crop data.

IFDC’s research on PR solubility produced three 
major observations: (1) recognition that the effective-
ness of PR source under field conditions is impacted 
by climatic and environmental conditions; therefore, 
solubility measurements cannot be used to predict 
yield but can be used to predict the performance of 
one PR source relative to another; (2) results related 
to the efficient use of a particular PR can be expected 
to produce similar responses by other PRs of compa-
rable solubilities under similar management scenar-
ios; and (3) for countries with one or more PR depos-
its, these measurements can provide guidance on the 
feasibility of and priorities for resource development 
(Hammond et al. 1986b).

Numerous IFDC greenhouse and field studies were 
conducted to rank indigenous PRs located in tropi-
cal countries in terms of agronomic potential. Initial 
studies focused primarily on the use of Latin Ameri-
can PRs for crops (maize, cassava, beans, guinea 
grass, and ryegrass) grown on Oxisols. Hammond 
(1977) ranked PRs as having low, medium, or high 
agronomic effectiveness when used for direct appli-
cation. Here, the agronomic effectiveness was sig-
nificantly correlated with the solubility of the PR as 

indicated by NAC2. However, other factors influenc-
ing crop response were found to prevent a definitive 
relationship between agronomic effectiveness and 
solubility and only a relative ranking of PR source 
behavior could be predicted by solubility measure-
ments. Of the three Latin American PRs used in the 
study, the agronomic effectiveness of Bayovar from 
Peru was classified as high, Huila from Colombia as 
medium, and Pesca also from Colombia as low rela-
tive to WSP (TSP). These rankings corresponded to 
NAC2-soluble P solubility in the range of 2.4–3.0% 
(high), 1.4–2.0% (medium), and 0.84–1.2% (low) 
(Diamond 1979).

In an expanded study, Leon et al. (1986) conducted 
a greenhouse trial with guinea grass (Panicum maxi-
mum) that included additional PRs varying in solubil-
ity along with the PRs previously used by Hammond 

Fig. 2   Response by guinea grass to application of phosphate 
rock (Leon et al. 1986)
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(1977). Response curves obtained from this study 
are illustrated in Fig.  2 and demonstrate the signifi-
cant differences in the ability of the various PRs to 
supply plant-available P. Based on the poor yield 
response obtained from the inclusion of several PRs, 
Leon et  al. (1986) proposed an additional group-
ing of very low (NAC2). Today, PRs designated as 
having very low, low, medium, and high agronomic 
effectiveness are commonly referred to as very low-, 
low-, medium-, and highly reactive PRs. By refin-
ing solubility measurement techniques and linking 
them to field performance, IFDC has provided criti-
cal insights for the direct application of PR. These 
advancements enable agronomists and policymakers 
to make informed decisions ensuring the sustain-
able use of PR as a P source in diverse agricultural 
systems.

Physical factors impacting the agronomic 
effectiveness of phosphate rock

While reactivity is a critical indicator in determining 
the ability of PRs to provide plant-available P, other 
external factors influence the agronomic effective-
ness of PR, including the physical condition of PR. 
Since PR is water insoluble, the first step in supply-
ing plant-available P is its partial dissolution in the 
soil. The physical form of the PR influences both the 
rate of dissolution, because of the role of surface area 
contact in promoting dissolution, and spatial availa-
bility of P following dissolution (Lehr and McClellan 
1972).

Early recommendations on particle-size for PRs, 
regardless of PR solubility, called for grinding 80% 
through 100 mesh, thereby increasing contact of PR 
particles with soil for dissolution. Yet, IFDC-led 
research was the first to report that reactivity had a 
significant impact on the need for grinding. In Indo-
nesia, multi-year trials conducted on various crops 
(Fig.  3) revealed that finely ground and unground 
highly reactive North Carolina phosphate rock 
(NCPR) were equally effective as TSP (Chien and 
Friesen 1992) due to porous apatite structures within 
the unground PR particles, which facilitated dissolu-
tion in acid soils (Lehr and McClellan 1972). These 
findings suggest the need for grinding can be mini-
mized for highly reactive PRs, reducing processing 
costs and improving the feasibility of direct appli-
cation in tropical agriculture. Conversely, efforts to 

increase the use of finely ground medium-reactive 
Tilemsi Valley PR resulted in farmers complaining 
the material was being blown away (Bationo et  al. 
1997). Expanding this approach to other regions and 
PR sources requires further evaluation under diverse 
agroecological conditions.

Soil factors impacting phosphate rock use

Dissolution of PR is favored by conditions where soil 
pH, exchangeable Ca, and P concentration in the soil 
solution are low and PR contact with the soil is opti-
mized. Additionally, soils with high organic matter 
content may enhance PR dissolution through the pro-
duction of organic acids, which chelate Ca and main-
tain P in solution. Understanding these interactions is 
critical for optimizing PR use in diverse agricultural 
systems.

Soil pH: Unlike TSP, the effectiveness of PRs is 
highly dependent upon soil pH. Field trials by IFDC 

Fig. 3   Effects of P sources and rates on grain yield of (a) 
upland rice at Terbanggi and (b) maize at Palembang. Ground 
refers to − 100 mesh and unground refers to − 35 mesh (Chien 
and Friesen 1992)
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in Sumatra comparing the performance of highly 
reactive NCPR and medium reactive Jordan PR to 
TSP on maize assessed the effect of liming on PR dis-
solution (Table 1). While liming can help reduce alu-
minum (Al) toxicity and improve maize growth with 
WSP or PR, liming provides Ca ions that decrease PR 
dissolution because of negative Ca common-ion effect 
on PR dissolution. Data in Table  1 shows liming 
increased maize yield with TSP or PRs at Kuamang 
Kuning site (pH = 5.4) whereas liming increased 
maize yields with TSP but decreased the maize yield 
with PRs at the Sitiung site (pH = 6.0). These results 
indicate that while liming is necessary for food crop 
production on highly acidic soils, lime rates should 
be carefully chosen to prevent significant adverse pH 
effects on PR dissolution (Chien and Friesen 1992).

Phosphorus sorption: The relationship of P sorp-
tion to PR dissolution was less understood and 
resulted in seemingly contradictory results prior to 
the early 1980s. To address this inconclusive infor-
mation, Hammond et al. (1986a) were the first to use 
iron (Fe) gel to adjust the P-sorption capacity of a soil 
while maintaining all other soil properties (e.g., soil 
pH) constant (Fig. 4). The results showed that a high 
P-sorption capacity decreased the RAE of PR com-
pared with WSP in short-term annual crops. How-
ever, when considering that the residual available P 
from WSP decreases more rapidly than that from PR, 
the RAE of PR increased for long-term crops. There-
fore, PR can be more effective than WSP for long-
term crops, such as pastures, oil palm and rubber, in 
tropical soils.

Soil organic matter (SOM): Chien (1979) first 
demonstrated evidence of Ca2+ chelation by the 

hydrolyzed SOM upon urea addition. Results revealed 
that a significant amount of soluble P was released 
from the PR despite the extracted SOM suspension 
having a pH = 9.0. However, the amount of water-sol-
uble free Ca2+ was very low, meaning the Ca2+ ions 
were complexed with the SOM. When the SOM was 
flocculated with hydrochloric acid and centrifuged, a 
significant amount of free Ca2+ was measured in the 
solution, suggesting release of the Ca2+ ions once the 
Ca-organic matter complex was decomposed. This 
mechanism, along with organic acids produced from 
manure, is believed to be responsible for increased 
P dissolution when PR is composted with manure or 
used in organic farming systems.

Management practices: Since the pH of acid soils 
increases upon flooding, it is important to manage 
PR application for acid soils and flooded rice. In a 
greenhouse study, Hellums (1991) evaluated three PR 
sources representing low (Hahotoe, Togo), medium 
(Tilemsi, Mali) and high (Bayovar, Peru) reactivity 
versus TSP in an acid soil (pH 4.8) for flooded rice 
in three management schemes: (1) Pre-flooded the 
soil followed by P application and rice transplant-
ing, (2) Both P application and rice transplanting at 

Table 1   Effect of liming on the response of maize (grain 
yield) to P sources applied at 120 kg P ha−1 at two locations in 
Sumatra (Chien and Friesen 1992)

a Ground refers to −100 mesh and unground refers to −35 mesh

P sourcea Kuamang Kuning Sitiung

− Lime  + Lime − Lime  + Lime

(kg ha−1)
Control 723 2332 2233 2004
TSP 1172 4924 5047 6064
NCPR (ground) 960 4380 4772 4162
NCPR (unground) 1062 3665 6976 5636
Jordan PR (ground) 1214 3404 6599 5485

Fig. 4   Change in linear coefficients of response curves as 
influenced by iron-gel treatment (Hammond et al. 1986a)



Nutr Cycl Agroecosyst          (2026) 132:15 	 Page 7 of 23     15 

Vol.: (0123456789)

flooding, and (3) P sources were applied to the soil 
at field moisture capacity two weeks prior to flood-
ing and rice transplanting. The results showed that 
while TSP was not influenced by water management, 
all PRs performed poorly in producing rice under 
management scenarios (1) and (2), but scenario (3) 
significantly increased PR effectiveness, especially 
the highly reactive Bayovar PR which proved to 
be 83% as effective as TSP in rice production. The 
poor results with scenarios (1) and (2) were due to 
increased soil pH upon flooding whereas dissolution 
of PRs at field capacity for 2 weeks prior to flood-
ing provided sufficient P to support rice production 
(Hellums 1991; Chien and Menon 1995; Chien et al. 
1990). Therefore, management of PR applications for 
acid flooded rice is very important.

Crop species and PR use

The capacity of PR-based fertilizers to provide ade-
quate P nutrition is positively influenced by crop spe-
cies with extensive root systems, acidification in the 
root rhizosphere, long growth periods (Chien and 
Friesen 1992; Chien et  al. 1990), and a warm moist 
climate (Hammond et al. 1986b). Generally, the RAE 
of PRs relative to WSP is higher for long-term or per-
ennial crops compared to short-term annual crops. As 
noted, PR has been widely used in Asia for decades 

on tree crops, especially rubber and oil palm in 
Malaysia and Indonesia (Chien et al. 1990).

For many years, the understanding was that PR 
use should be restricted to acid soils, but Habib et al. 
(1999) reported that canola (Brassica napus) could 
utilize a medium-reactive Ain Layloun PR (Syria), 
even in calcareous soils. Production of organic acids 
in the root rhizosphere of canola was suggested as the 
driver for PR dissolution. In a subsequent greenhouse 
trial, Chien et al. (2003) found that the RAE of nine 
PR sources (relative to TSP) used for canola grown 
on an alkaline soil (pH 7.8) increased from 0 to 88% 
as the 2% CA solubility of the PR sources increased 
from 0.92 to 5.8% P. The correlation of PR solubility 
and RAE was highly significant (r2 = 0.947). These 
findings indicate medium- and highly reactive PRs 
can be used for canola in alkaline soils.

Issues associated with the use of phosphate rock

All PRs contain heavy metals, e.g., cadmium (Cd), 
chromium (Cr), mercury (Hg), arsenic (As), and 
lead (Pb), and radioactive elements, e.g., uranium 
(U), with amounts varying among sources and even 
within the same deposit. Table 2 shows the results of 
an IFDC study of potentially hazardous heavy metals 
present in major deposits used for global WSP ferti-
lizer production and in indigenous deposits evaluated 

Table 2   Chemical analysis of potentially hazardous elements in selected sedimentary phosphate rocks (Van Kauwenbergh 1997)

Country Deposit Reactivity P As Cd Cr Pb Se U V Hg (µg kg−1)
(%) (mg kg−1)

Algeria Djebel Onk High 12.9 6 13 174 3 3 25 41 61
Angola Cabinda High 14.3 6 13 5.5 260
Burkina Faso Kodjari Low 11.2 6  < 2 29  < 2 2 84 63 90
Jordan El Hassa Medium 14.0 5 4 127 2 3 54 81 48
Mali Tilemsi Medium 12.7 11 8 23 20 5 123 52 20
Morocco Khouribga Medium 14.7 13 3 188 2 4 82 106 566
Niger Parc W Low 14.7 4  < 2 49 8  < 2 65 6 99
Peru Bayovar High 12.9 30 11 128 8 5 47 54 118
Senegal Taiba Low 16.2 4 87 140 2 5 64 237 270
Tanzania Minjingu High 12.6 8 1 16 2 3 390 42 40
Togo Hahotoe Low 16.1 14 48 101 8 5 77 60 129
Tunisia Gafsa High 12.9 5 34 144 4 9 12 27 144
USA Central Florida Medium 13.6 6 6 37 9 3 59 63 371
USA North Carolina High 13.2 13 33 129 3 5 41 19 146
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as possible substitutes for imported WSP fertilizers 
(Van Kauwenbergh 1997).

Among the heavy metals, Cd is of greatest con-
cern with respect to contamination of the food chain. 
Several studies have indicated acid soils with high 
SOM (e.g., pastures) and fertilization with WSP fer-
tilizers containing significant amounts of Cd over an 
extended period were conducive to increases in Cd 
levels in crops (Johnston and Jones 1992; Mortvedt 
1992, 2005).

IFDC studies indicate that PR reactivity and soil 
pH are important determinants of available Cd to 
plants. In a greenhouse experiment with rice grown 
on two acid soils, Cd uptake in grain from the low-
reactive Hahotoe PR (Togo) (Cd 48  mg  kg−1) was 
80% of that obtained from the high-reactive NCPR 
(Cd 33 mg kg−1) on soil with pH = 5.0. On soil with 
pH = 5.6, Cd uptake from Hahotoe PR was only 52% 
of that obtained with the NCPR, indicating that Cd 
uptake decreased with increasing pH. Results also 
showed that Cd uptake for rice grains increased with 
acidulation and most of the Cd uptake was localized 
in the rice roots and straw, with less than 10% in the 
grain. Overall, Cd uptake by the rice plant (grain, 
straw, and root) was higher from the NCPR treat-
ments than from Hahotoe PR treatments (Iretskaya 
et al. 1998).

In a follow-up greenhouse study to determine 
the impact of crop species on Cd uptake (applied 
at a rate of 200  µg Cd  kg−1) in three soils varying 
in pH (5.0–7.7), results revealed on the more acid 
soil (pH = 5.0), Cd concentration in the grain fol-
lowed the order of wheat = soybean > oat > flooded 
rice > cowpea. On the more neutral soils (pH 6.2 and 
pH 7.7), Cd uptake followed the order of wheat > soy-
bean = flooded rice > oat = cowpea. These results 
indicate that Cd uptake varies by crop species as 
well as soil pH. Notably, only the cowpea grain did 
not exceed the maximum permissible concentration 
(0.100  mg Cd  kg−1) adopted by several European 
countries (Iretskaya and Chien 1999).

While there is no immediate concern related to 
soil and crop contamination from heavy metals in PR 
when P is applied at recommended rates, long-term 
issues may exist, warranting periodic assessment. 
Also, there is increasing concern related to fluorine 
(F) associated with PR and P fertilizers leaching into 
groundwater. Currently, the World Health Organiza-
tion (WHO) suggests a guideline value of 1.5 mg L−1. 

While P fertilizer production and use have been iden-
tified as the largest anthropogenic sources of F in the 
environment, most of this F is strongly retained in 
soils. Again, there is limited concern related to food 
contamination and groundwater contamination from 
the F associated with PR use, but possible leaching 
from the phosphogypsum ponds is a concern that 
requires constant monitoring (Fuge 2019; Tiwari 
2023).

Highlights of IFDC findings on direct application 
of phosphate rock

The RAE of DAPR sources proved to be highly vari-
able in regional field trials established by IFDC and 
its partners in Asia, Latin America, and West Africa. 
Such results were expected given the differences in 
the chemical solubility and reactivity of the indig-
enous PR sources and the great diversity in soils and 
cropping systems of the tropical areas of emphasis. 
IFDC and its many partners made a concerted effort 
to identify specific conditions where indigenous PRs 
could be agronomically effective and equally impor-
tant, to identify conditions in which direct application 
of PR should not be recommended. Highlights of the 
regional research include the following:

•	 Direct application of medium- to highly reac-
tive PR on long-term crops (pastures, rubber, 
oil palm, cocoa, and tea) is an established prac-
tice in Southeast Asia, but little is used on food 
crops. Beginning in 1977, IFDC as part of the 
International Network on Soil Fertility and Fer-
tilizer Evaluation for Rice (INSFFER), estab-
lished a series of trials on P sources for flooded 
rice. Between 1977 and 1981, 84 trials were 
conducted on 24 sites in several Asian countries 
(Bangladesh, India, Indonesia, Philippines, Sri 
Lanka, Thailand, and Vietnam). Of the 58 trials 
producing a P response, the highly reactive PRs 
produced yields equivalent to WSP.

•	 Experiments in Indonesia showed that unground 
highly reactive NCPR was as effective as TSP in 
both annual and residual maize and soybean trials 
(Chien and Friesen 1992). The concept of using 
unground reactive PR (e.g., Bayovar [Peru] and 
Gafsa [Tunisia]) is now widely accepted (Chien 
and Friesen 1992).
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•	 In Latin America, primary target areas for direct 
application of PR sources were the lowland trop-
ics, where soils have extremely low levels of 
P. IFDC researchers conducted field studies in 
Bolivia, Colombia, Ecuador, and Peru on grain, 
cereal, bean crops, and pastures on Oxisols in 
the Colombian Llanos region and Ultisols in the 
Peruvian Amazon basin. The results revealed the 
highly reactive Bayovar PR, NCPR, and Gafsa PR 
were as effective as TSP across all rates for most 
crops. Additionally, studies conducted on cassava 
(three years) and signal grass (five years) that ini-
tially received a one-time application of 176  kg 
P  ha−1 as highly reactive PRs or TSP showed a 
strong residual response, with no significant dif-
ferences between sources (Hammond 1977; Ham-
mond and Leon 1983).

	   Field trials with beans as an indicator crop on 
Andepts in Colombia revealed that the highly 
reactive imported PR sources, Gafsa and North 
Carolina, produced yields comparable to those 
observed with the TSP treatment for the first crop-
ping. The medium-reactive Huila PR (Colombia) 
was 66% as effective as TSP, and the low-reactive 
Pesca PR (Colombia) was 7% as effective. Resid-
ual studies (without additional P fertilization) 

showed the highly reactive PRs (Gafsa and North 
Carolina) were equal to or better than TSP in pro-
viding plant available P (Fig. 5). Medium-reactive 
PRs (Huila and Central Florida [USA]) increased 
in residual effectiveness until they equaled TSP 
in the third crop, while the residual value of low-
reactive Pesca PR was 27 and 82% as effective as 
residual TSP for the second and third bean crop, 
respectively. However, overall yields were signifi-
cantly improved with repeated annual application 
of TSP compared to cumulative yields associated 
with residual P (Hammond et al. 1986b).

•	 In 1982, IFDC scientists and national collabora-
tors initiated evaluation of low-reactive Haho-
toe PR as an annual fertilizer relative to SSP in 
numerous trials in Burkina Faso, Gambia, Kenya, 
Niger, Nigeria, Sierra Leone, and Togo. Overall, 
SSP was superior to Hahotoe PR at every location. 
Mokwunye and Vlek (1986) reported continued 
applications of both P sources (Hahotoe PR and 
SSP) at one-half the initial rate of P for two addi-
tional years raised the mean yield of the Hahotoe 
PR treatments to 96% of the yield obtained with 
SSP.

•	 In an Oxisol in the Gambia, the RAE of the 
medium-reactive Tilemsi PR (Mali) was similar to 
SSP for both maize and groundnut (Bationo et al. 
1990).

•	 Observations from a three-year field study in 
Niger assessing the agronomic effectiveness of 
various P fertilizers for millet production con-
cluded: (1) low-reactive Parc  W PR (Niger) was 
only 48% as effective as SSP and was not recom-
mended for direct application for annual crops; (2) 
finely ground medium-reactive Tahoua PR (Niger) 
was 82–92% as effective as SSP across all three 
seasons of maize cropping; (3)  Tahoua PR (like 
Tilemsi Valley PR) should not be acidulated due 
to its high levels of Fe and Al oxides; and (4) over 
a period of three years, one initial application of a 
large basal dose (three times the annual dose) of 
P fertilizers was more effective than three annual 
applications in terms of total grain yield (Bationo 
et al. 1990).

•	 Low-reactive and some medium-reactive PRs are 
not suitable for direct application. For these PRs, 
IFDC developed two processes: (1) partial acidu-
lation of PR with sulfuric or phosphoric acid and/
or (2) compaction of PR with WSP to improve 

Fig. 5   Relative agronomic effectiveness of five phosphate rock 
sources as compared with residual and fresh triple superphos-
phate at 88 kg P  ha−1 during four consecutive crops of beans 
(Los Guacas, Popayan, Colombia) (Hammond and Leon 1983)
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agronomic effectiveness. Generally, the resulting 
products (containing approximately 50% of total 
P as WSP) increased yields significantly, but there 
are specific caveats for some PRs (e.g. PRs con-
taining > 10% Fe-Al oxides). While the focus of 
this paper is DAPR, details of these two processes 
and a summary of associated agronomic results 
are available (Chien and Hammond 1988; Menon 
and Chien 1996).

•	 As previously noted, IFDC researchers were the 
first to identify canola’s ability to effectively uti-
lize P from medium-reactive PR (Ain Layloun 
from Syria) even on calcareous soils. IFDC sci-
entists were also the first to report the additional 
benefit of PR dissolution providing Ca nutrition 
for plant growth on acid soils (Hellums et  al. 
1989).

•	 Because conventional soil tests for P were devel-
oped to generate fertilizer recommendations for 
WSP fertilizers in temperate climates, they were 
inadequate for evaluating the bioavailability of P 
in tropical soils fertilized with water-insoluble PR 
or modified forms of PR (Chien 1978; Hammond 
et  al. 1986b). IFDC initiated a research program 
to develop a suitable soil test to enable fertilizer 
recommendations based on the use of PR prod-
ucts across a wide range of crops and soils. The 
designated Pi test (built on the work by Van der 
Pauw  (1971) and Sissingh  (1971)) utilized an Fe 
hydroxide-impregnated paper strip as a sink to 
sorb and retain the P mobilized in the soil sus-
pension (Chardon and Chien 1996; Menon et  al. 
1989). Ultimately, the Pi test proved to be a bet-
ter indicator of plant-available P, regardless of 
P source, over a wide range of soils, crops, and 
moisture regimes (Ibrikci et  al. 1991; Kleinman 
et al. 2001; Lin et al. 1991; Sharpley 1993; USDA 
2024). The Pi test (now commonly referred to as 
the Fe–O, FeO–P, or IIP method to reflect its use 
beyond soils) has proved to be an important tool 
for monitoring P loss in runoff, leachates, and 
watersheds (Maguire and Sims 2002; Wang et al. 
2015).

•	 With funding from the World Bank and in col-
laboration with the French Agricultural Research 
Centre for International Development (CIRAD), 
the Norwegian Agency for Development Coopera-

tion (NORAD), and World Agroforestry (ICRAF), 
IFDC contributed to the development of a meth-
odology to evaluate the feasibility of using indig-
enous PRs to rebuild soil P stocks in SSA (World 
Bank 1994, 1997).

•	 The knowledge gained from IFDC’s PR research 
(agronomic and economic) was instrumental in 
developing the IFDC Phosphate Rock Decision 
Support System (PRDSS) which enables research-
ers and extension agents to provide robust recom-
mendations on where various PRs can be substi-
tuted for commercial WSP fertilizers. The PRDSS 
(Chien et al. 1999; Singh et al. 2003; Smalberger 
et al. 2006) has evolved over time based on hun-
dreds of agronomic trials conducted globally 
by numerous research institutions. IFDC’s lat-
est version of the PRDSS mathematical model 
provided the basis for IFDC’s partnership with 
the Food and Agriculture Organization of the 
United Nations (FAO) and IAEA to develop the 
web-based PRDSS tool that is globally available 
(https://​prdss.​ifdc.​org/). It allows for the selection 
of crops, soils, PRs, sites/locations, and crop man-
agement practices to calculate the RAE of a spe-
cific PR for a specific area, where latitude and lon-
gitude are provided by the user. In addition to the 
web-based platform, IFDC developed a PRDSS 
app designed to calculate RAE for broader geo-
graphic scales. The app also determines the eco-
nomic feasibility (relative economic effective-
ness) of PR versus WSP by including prices and 
cost associated with both sources (Smalberger 
et al. 2006). While both tools share similar objec-
tives, the app enables large-scale analyses, offer-
ing flexibility for policymakers and researchers 
working on regional fertilizer strategies. This dual 
approach ensures the PRDSS can cater to both 
localized and macro-level decision making needs. 

	   Figure  6 shows the RAE prediction for maize 
in Tanzania, comparing two planting seasons 
(November 2022 and March 2023), for two indig-
enous PRs, sedimentary highly reactive Minjingu 
PR and igneous low-reactive Panda Hill PR. The 
results confirm that Minjingu PR has a high RAE 
relative to WSP fertilizers in most of the locations 
with its solubility and effectiveness being better 
during November than March, due to rainfall. In 

https://prdss.ifdc.org/
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contrast, the low-reactive Panda Hills has a very 
low RAE, and its suitability is limited to very 
few areas. These findings highlight the PRDSS’s 
potential to guide PR use by accounting for site-
specific climatic conditions, ensuring efficient 
and cost-effective fertilizer application. Informa-
tion on agronomic performance combined with a 
full socio-economic evaluation that considers the 
size of the deposit, all production and distribution 
costs, socioeconomic and environmental impacts, 
and government policy determines whether an 
indigenous PR can be effectively developed and 
utilized. This information is critical in assisting 
low-income countries with indigenous PR depos-
its how best to address their need to improve soil P 
fertility.

Constraints on the use of phosphate rock 
for direct application

Many low-income countries possess PR deposits, but 
few are exploited commercially (Hellums 1992; 1995; 
Van Kauwenbergh 2001, 2006; Lompo et  al. 2018). 
In many instances, there are issues related to PR 
availability. For example, in Peru the highly reactive 
Bayovar PR is primarily exported and not available to 
local farmers, who rely on WSP fertilizers. In West 
Africa, the medium reactive Tilemsi Valley deposit 
(Mali) has not been mined for over 20  years due to 
political unrest. Prior to its closure, the deposit was 
facing significant financial constraints due to the dis-
tance from the mine to important agricultural areas, 
the lack of supporting infrastructure (reliable roads), 
and complaints about the dustiness of the PR product 
(Bationo et al. 1997). Currently, the medium-reactive 

Fig. 6   Relative agronomic efficiency of Minjingu PR and Panda Hill PR, as predicted by the PRDSS app
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Tahoua PR mine (Niger) is being operated by a pri-
vate company, and the PR product is being scaled out 
by IFDC. While initial yield results are promising, 
the long-term economic viability is questionable due 
to the limited size of the deposit. In Burkina Faso, 
the low- to medium-reactive Kodjari PR has been 
mined on a small scale of 1000–2000 mt yr−1 for over 
30  years. The PR is utilized in-country for maize, 
rice, and sugarcane. Other deposits in SSA (Minjingu 
in Tanzania and Cabinda in Angola), which perform 
well agronomically (Bationo 2024 personal commu-
nication; Prochnow 2024, personal communication), 
may continue to face significant competition from 
WSP fertilizers when considering total cost per unit 
of P. It is important to recognize that costs associated 
with mining, processing, transportation/distribution, 
and modification quickly drive up the farm-gate price 
of locally produced PR fertilizers. Additionally, pol-
icy-related factors that favor WSP fertilizers, such as 
fertilizer subsidies and regulations, negatively impact 
PR use (Bumb et  al. 1994; Henao and Baanante 
1999).

In SSA, only 20–40% of attainable yield is 
achieved for food grains due to water and multi-nutri-
ent deficiencies (Mueller et  al. 2012). As a result, 
agronomic response to inputs is limited, requiring a 
more complex integrated strategy for improving over-
all agricultural productivity (Bationo 2008; Breman 
and Debrah 2003; Mokwunye and Bationo 2002). 
Finally, an often-overlooked additional factor is that 
sustainable expansion of farmers’ marketable outputs 
is a necessity for the adoption of fertilizers, includ-
ing PR. In SSA, the lack of marketable surpluses in 
subsistence farming regions remains a serious hurdle 
to the adoption of fertilizers. In turn, sustainable mar-
ketable surpluses by farmers require market outlets 
and a consistent demand for their products to ensure 
stable and suitable prices. True valuation of these 
costs and benefits often results in a cost–benefit ratio 
unfavorable to PR (IFDC 2011).

Examples of the Impact of IFDC’s phosphate rock 
research and development work

Work done by IFDC on PR research and develop-
ment during the past 50 years has established IFDC 
as a leading institute on the potential use of PR for 
crop production in agriculture. Through collaborative 

efforts with governments, research institutions, and 
industry stakeholders, IFDC has advanced the agro-
nomic, economic and policy frameworks for PR use. 
This research has resulted in significant impacts on 
PR use for several countries importing and export-
ing PR for direct application. Examples of significant 
impacts include:

•	 Prior to 1976, Malaysia only imported Christ-
mas Island PR to address the P requirements of 
oil palm and rubber plantations. Later, the coun-
try began importing other PRs, creating a state of 
confusion for growers. Between 1976 and 1985, 
IFDC conducted several national and interna-
tional seminars to provide accurate and scientific 
information on PR use. In 1986, based on IFDC’s 
recommendations, the government revised the 
fertilizer regulations to state: (1) the solubility of 
PR should be expressed as percentage of P (P2O5) 
in the rock, rather than as a percentage of total P 
(P2O5) to ensure solubility values reflected only 
the plant-available P in the PR, (2) the minimum 
total P requirement was lowered from 13.2 to 
12.3%, since total P did not impact the effective-
ness of PR; and (3) unground, as-received highly 
reactive PRs could be used without additional 
grinding. The revised Malaysian regulations were 
later adopted by Indonesia.

•	 IFDC was the first to report that highly reactive 
unground, as-received NCPR and finely ground 
NCPR performed equally well in increasing maize 
and rice yields during three years of field trials in 
Indonesia. Published results provided new infor-
mation to NCPR marketers that allowed them to 
realize significant cost savings through: (1) greatly 
reduced grinding cost; (2) avoidance of the dust 
issues associated with finely ground NCPR, which 
previously prevented lower-cost bulk shipping; (3) 
virtual elimination of adulteration and the need 
for hand application allowing for mechanized 
application; and (4) greatly reduced dust-related 
health issues along the production and use chain. 
This IFDC breakthrough result of using unground 
highly reactive PR for direct application has been 
successfully adopted by several exporting coun-
tries (Algeria, Morocco, Peru and Tunisia) and 
importing countries (Brazil, Indonesia, Malaysia, 
and New Zealand) for field crops.
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•	 IFDC’s research reported, for the first time in 
scientific literature: (1) canola’s ability to extract 
plant-available P from sufficiently reactive PRs, 
even on alkaline soils; (2) dissolution of reactive 
PR provided Ca nutrition for plants; and (3) Cd 
uptake by upland rice from a highly reactive PR 
containing Cd to be much lower than that from the 
fully acidulated WSP produced from the same PR.

•	 The web-based PRDSS, resulting from the com-
bined efforts of IFDC and FAO/IAEA, is freely 
available for use and has been further modified to 
be accessible as an app.

•	 In 1995 and 2001, IFDC organized two interna-
tional workshops on appropriate technologies for 
PR use in Asia, with representatives from over 30 
countries attending.

•	 In 2005, IFDC initiated a comprehensive study of 
raw materials (including PR) in Africa that could 
be used to increase local and regional fertilizer 
production (Van Kauwenbergh 2006).

•	 Because PR is essential to food security, the lon-
gevity of global supplies is of great interest and a 
source of considerable debate. In a detailed global 
review of PR reserves and resources, IFDC deter-
mined that, at production levels of 160–170 mil-
lion Mt of PR concentrate per year, current usable 
reserves of PR could last 300–400  years (Van 
Kauwenbergh 2010).

•	 IFDC has conducted research and development 
work on PR deposits in Africa, Latin America, 
and Southeast Asia ranging from identification 
of appropriate mining and processing technolo-
gies to possible use of indigenous PRs to increase 
crop productivity and food security Countries 
include Algeria, Angola, Australia (Christmas 
Island), Bolivia, Brazil, Burkina Faso, Chile, 
China, Colombia, Ecuador, Egypt, India, Indone-
sia, Israel, Jordan, Kazakhstan, Mali, Morocco, 
Namibia, Niger, Nigeria, Pakistan, Peru, Russia, 
Senegal, Sri Lanka, Syria, Tanzania, Thailand, 
Togo, Tunisia, Uganda, USA, Venezuela, and 
Zimbabwe.

•	 For the past two decades, IFDC has been com-
missioned by private sector companies interested 
in the developing the highly reactive Namibia PR 
(trade name Namphos) located along the coast of 
Namibia (2010–2015) and the medium- to highly 
reactive Cabinda PR in Angola (2015–present). 
Research focused on (1) characterization of the 

apatite minerals by X-ray diffraction, (2) total 
chemical analysis of apatite mineral composition, 
(3) agronomic (greenhouse and field trials) evalu-
ation with different soils and crops and, in the 
case of Cabinda PR, production of products via 
wet granulation of PR mixed with WSP at differ-
ent ratios. In Namibia, despite very positive crop 
responses to direct application of Namphos on 
acid soils, development of the deposit remains 
uncertain due to environmental concerns associ-
ated with negative impacts on associated fishing 
grounds. A more detailed summary of activities in 
Angola is presented below.

Case study—Angola

Currently, Angola uses very low amounts of ferti-
lizer (approximately 120,000  mt annually imported 
at a high cost) and produces average yields that are 
significantly below potential yields. Beginning in 
2017, the private sector company Minbos launched a 
comprehensive nationwide effort to promote the use 
of indigenous Cabinda PR (via direct application) as 
an effective P source to address soil nutrient deple-
tion and improve regional agricultural production. 
The strategy involved a thorough agronomic research 
strategy at various levels (laboratory, greenhouse, and 
field trials) in collaboration with IFDC, Plant Nutri-
tion Science and Technology (NPCT) in Brazil and 
Angola’s Agronomic Research Institute (IIA).

Based on the results of these activities, Cabinda 
PR’s reactivity is classified as medium to high with 
most soil (average pH < 5.8, low P and Ca avail-
ability) and climatic conditions (average rainfall 
of 1000  mm) being suitable for direct application. 
However, soil pH and rainfall vary considerably in 
Angola, decreasing from north to south and from east 
to west. This suggests that Cabinda PR cannot be sub-
stituted for WSP countrywide due to limiting rainfall 
and pH higher than 5.8 in some areas. This result was 
supported by simulations using the PRDSS, which 
also indicated potential for this P source to be used in 
other low-income countries in the region with simi-
lar soil and climatic conditions. As shown in Fig. 7, 
the RAE was favorable and as expected, influenced 
by soil and climatic conditions. According to PRDSS 
predictions, direct application of Cabinda PR has 
greater potential for dry beans than maize.
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Recent field experiments compared P sources at 
recommended rates of P for various crops against a 
control treatment. The rate selected was defined by 
crop and soil condition, with annual (maintenance) P 
application ranging from 35 to 50 kg P ha−1, whereas 
higher P-fixing soils received 40–180 kg P ha−1. The 
sources tested were standard WSP sources (MAP or 
TSP), Cabinda PR, and Cabinda PR plus additional 
low rates of WSP. Nitrogen and K were applied at 
a blanket rate across all treatments. Application of 
Cabinda PR in all the field trials was broadcast with 
incorporation at 20  cm soil depth. WSP fertilizers 
were applied in the furrow during seeding. In total, 43 
field trials were conducted (2019–2024) with 16 trials 
for beans, 15 for maize, 6 for potatoes, 2 for soybean 
and 1 each for wheat, sorghum, peanuts and sugar-
cane. Some of the field trials were designed to assess 
the effect of a large initial basal application of the 
Cabinda PR across four seasons to four annual appli-
cations of WSP at the recommended rate, resulting in 
the P applied as Cabinda PR or WSP being equal at 
the end of four years.

Figure  8 presents the results of some of the field 
trials individually, showing in general the compara-
tive performance of the Cabinda PR source. The con-
clusions from the 43 field trials can be summarized 
as: (1) the Cabinda PR, is a medium to high reactivity 
PR, producing an average RAE of 75% of the RAE 
for WSP, and (2) surface application and incorpora-
tion (20  cm) of Cabinda PR, plus small amounts of 
WSP (20% of the total P applied) in furrow at seed-
ing, increased yields over the Cabinda PR only treat-
ments to yield levels comparable to those obtained in 
WSP treatments.

The results indicate Cabinda PR can be used by 
smallholders of Angola, to increase yields 2–3 × cur-
rent levels, when combined with reasonable amounts 
of N and K fertilizers. Also, the results indicate that 
Cabinda PR combined with some WSP can be an 
excellent P source for intensive farming systems. 
In summary the Cabinda PR is a good agronomic 
alternative to imported WSP fertilizers for Angola 
and surrounding countries, but economic analysis to 
determine farmers’ costs and benefits for each crop-
ping system management strategy will be necessary 
(Prochnow 2024 personal communication).Fig. 7   Effect of soil and climatic conditions on RAE of Cab-

inda PR when applied on A maize and B bean for September 
planting in Angola
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Current and future opportunities for direct 
application of phosphate rock for improved soil 
health

Despite the extensive research and numerous 
encouraging results on the use of direct application 
of PRs on food crops in the tropics, few examples 
of farmer adoption exist outside tree crops and pas-
tures in Southeast Asia. For the foreseeable future, 
this will remain the primary market, in part due to 
the limited availability of reactive PRs for direct 
application, the mature nature of the WSP market, 
and the current full cost–benefit ratio of WSP rela-
tive to reactive PR, including non-agronomic costs. 
Due to extensive PR research, additional PR sources 
have been commercialized for export from Algeria, 
Australia, China, Egypt, Israel, Jordan, Morocco, 
and Tunisia to Brazil, Indonesia, Malaysia, and New 
Zealand. In some low-income countries, indigenous 
PR sources are being successfully marketed for 

local use in Burkina Faso, Chile, Colombia, Niger, 
and Tanzania. Angola PR (Cabinda) is scheduled 
to be available in late 2025. In the future, emerg-
ing opportunities in organic farming, decentralized 
P fertilizer production, soil remediation, and inte-
grated soil fertility management (ISFM) present 
promising avenues for expanding PR utilization 
beyond the foundational work of IFDC and others 
previously noted.

Organic farming, now practiced on over 96 million 
hectares worldwide (Willer et  al. 2025), is expected 
to increase the demand for PR. Approved P sources 
for organic farming include PR, manure, and com-
post. Factors affecting the agronomic effectiveness of 
PR in organic farming are virtually the same as those 
for conventional farming, except for PR combined 
with composting. Here, initial research suggests that 
chelation of organic matter with Ca ions derived from 
apatite is the main mechanism driving PR dissolu-
tion in organic systems (Chien 1979) rather than soil 

Fig. 8   Effect of P source on yields (kg ha−1) of a maize grain 
at Mbaue, Huambo, Angola (pH of 5.2); b bean grain at Cela, 
Waku Kungo, Angola (pH of 5.4); and c potato at Humpata, 

Huila, Angola (pH of 6.2). Treatments designated by the same 
capital letter are not significantly different (Duncan test at 
p < 0.10)
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acidity, as in the case of conventional farming (Chien 
et al. 2009). Combining PR with organic amendments 
such as compost, manure and biochar (Chtouki et al. 
2022; Viana et al. 2024) can create synergistic effects 
to enhance soil health. Co-composting PR with plant 
residues or manure can increase microbial activity 
and produce organic acids that help dissolve apatite, 
accelerating the release of P (Kpomblekou and Taba-
tabai 1994; Sagnon et  al. 2024). These integrated 
approaches maximize PR’s agronomic effectiveness 
by providing slow-release P, enhancing soil fertility, 
and promoting a more resilient and sustainable crop-
ping system (Tumbure et al. 2020; Zhang et al. 2022).

Organic farmers utilizing manure and compost as 
primary N inputs will most likely see high soil P tests, 
due to these inputs having high P availability. Here, 
management strategies must focus on minimizing 
P buildup and prevention of surface water P losses. 
Conversely, producers limiting use of manures and 
composts will experience higher rates of P removal 
and will need reactive PR inputs to sustain profit-
able crop production. For all producers, recognition 
that PRs are not equal in agronomic effectiveness is 
important. Thus, soil testing and knowledge of man-
agement history will be critical to overall P manage-
ment (Nelson and Janke 2007).

Phosphate fertilizers (including reactive PRs) are 
unique in that they function as fertilizers and as an 
amendment through the provision of annual or labile 
P for the first crop and residual P for subsequent crop-
ping. Thus, P fertilizers play a significant role in 
IFDC’s ISFM approach utilized in SSA to increase 
food production while improving soil health (Bationo 
and Mokwunye 1991; Bationo et  al. 2020; Breman 
and Debrah 2003; Vanlauwe et  al. 2023; Winterbot-
tom et al. 2013). Here, the importance of residual P 
in rebuilding soil P levels cannot be overstated. The 
residual effect is evidence that P fertilizers provide a 
flow of benefits to farmers and the soil resource base 
over several years and should be considered a capital 
investment (Baanante 1998; Buresh et al. 1997; IFDC 
1997; Jama et  al. 1997; Syers et  al. 2008; Teboh 
1995). While this investment would contribute to 
sustainable increases in crop production and prevent 
environmental degradation (particularly in sub-Saha-
ran Africa [SSA]), there are significant barriers to 
replenishing soil P and using PR, as revealed in stud-
ies funded by the World Bank (1994, 1997). These 
include (1) substantial cost of inputs, regardless of 

source or option (one-time basal or gradual moderate 
applications); (2) additional labor, erosion prevention, 
and equipment costs associated with a one-time basal 
application; (3)  land tenure issues, which preclude 
farmers’ interest in long-term benefits (Bumb and 
Baanante 1996); and (4) specific to SSA, only a few 
indigenous PR deposits currently being mined that 
could be utilized in a replenishment strategy.

Conversely, in countries with a long history of P 
fertilizer use, many soils are at or near the critical 
level for P. For these soils, the current recommenda-
tion is that a maintenance level of P be applied annu-
ally to replace the P removed by the harvested crop 
(Syers et al. 2008). This situation (assuming favorable 
economics and PR availability) could offer an oppor-
tunity to replace WSP with reactive PRs for annual 
crops on acid soils in intensive farming areas in the 
East Asian floodplains, North America, Europe, 
and Latin America. For intensive farming systems 
with moderate to high soil P fertility, future research 
should evaluate reactive PRs’ ability to maintain crop 
productivity (Chien and Friesen 1992).

Currently, the potential exists for the use of direct 
application of PR to reclaim acid mine spoils and to 
remediate soils contaminated with Pb. The highly 
acidic pH of acid mine spoils suggests that low-reac-
tive PR sources may also be viable. Research associ-
ated with this use should examine the long-term reac-
tions of PR with these soils in terms of available P, 
type of P compounds formed, and rate of PR decom-
position. The agronomic value of Ca from PR should 
also be considered because these soils are low in Ca 
and usually require liming.

Pb contamination in soil is of concern not only 
because of its toxicity to animals and humans, but 
also because of its ease of exposure through ingestion 
or inhalation. Early research noted the use of P ferti-
lizers to immobilize Pb by converting the less stable 
Pb compounds (e.g., cerussite [PbCO3]) to more sta-
ble Pb compounds with very low solubility and bio-
availability (e.g., chloropyromorphite [Pb5(PO4)3Cl]) 
(Lindsey 1979). Generally, WSP fertilizers are more 
effective than PRs in reducing soluble Pb. However, 
assuming lower costs, PR may be more economical 
for large-scale soil remediation. Again, the effective-
ness of PR in immobilizing Pb is determined by the 
reactivity of the PR used (Chien et al. 2009, 2010).

For less reactive PRs in SSA, compaction 
with WSP, N, and K needs further consideration. 
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One-step dry granulation/compaction offers several 
benefits, including increased PR dissolution and 
agronomic effectiveness, a means of delivering a 
multi-nutrient fertilizer, and the elimination of dust 
issues at the distribution and farm levels (Traore 
et  al. 2019). Also, the effect of mini-granulation 
(process to produce relatively small PR granules 
from finely ground PR) on the agronomic effective-
ness of less reactive PRs is not known and needs to 
be examined.

In addition to partial acidulation and granulation/
compaction processes, there is interest in using acid 
waste effluents to produce P fertilizers. Initial find-
ings indicate the reaction between low-reactive igne-
ous PRs (Araxa and Patos from Brazil) and acid mine 
waste produced more soluble P, thus improving plant 
P uptake and yield, with an insignificant increase in 
heavy metal content. This study suggests the recy-
cling of acid metallurgical waste may be an effective 
means to increase the agronomic potential of low-
reactive igneous PR (Mattiello et  al. 2016; Barreto 
et al. 2018), but issues with by-product waste remain 
and heavy metal content should be monitored.

The integration of PR and green ammonia pre-
sents a transformative opportunity for decentralized 
production to produce sustainable fertilizers. Phos-
phate rock can react with green ammonia derived 
from nitric or phosphoric acid to produce fertilizers 
like MAP or DAP. Additionally, partially acidulated 
PR created using diluted acid from green ammonia 
processing offers a cost-effective opportunity. This 
synergy supports the development of tailored com-
pound fertilizers, such as NP and NPK formulations 
to address specific soil and crop needs, facilitating 
decentralized production models and reducing trans-
portation costs.

Biological means of improving the agronomic 
effectiveness of low-reactive PRs continue to be 
explored. Much research is being conducted to cap-
ture the benefits of soil microorganisms that enhance 
nutrient acquisition, particularly P acquisition using 
phosphate-solubilizing microorganisms (PSB) and 
arbuscular mycorrhiza fungi (AMF) (de Amaral et al. 
2020; Goenadi et al. 2000; Koele et al. 2014). Most 
notable is the significant amount of research dedi-
cated to the identification of PSB strains capable of 
improving PR solubilization through the secretion of 
various organic acids. Bacteria from numerous gen-
era (Pseudomonas, Agrobacterium, Bacillus, etc.) 

are capable of solubilizing unavailable P. While mul-
tiple PSB inoculants have been used in agriculture, 
many exhibit insignificant effects due to low adap-
tive capacity in the field. Research has also shown 
difficulties in reproducing bacterial P solubilization 
(Elhaissoufi et al. 2022).

Most plants have a symbiotic relationship with 
AMF, with AMF accounting for 5–50% of the total 
biomass of soil microbes (Olsson et al. 1999). These 
fungi are known for scavenging soil P under P-lim-
iting conditions. Conversely, research has shown that 
soils with sufficient or excessive amounts of P limit 
the efficacy of AMF inoculation, thereby implying 
targeted AMF inoculation should be more effective in 
low fertilizer input systems utilizing less soluble PR 
sources (Ryan and Graham 2002).

Despite the significant advances in agricultural 
microbiology, the development of cost-effective 
large-scale production of PSB and VMF inoculum is 
complex, with commercial exploitation being limited 
to soybean and possibly sugarcane in Brazil. There 
are also patent law issues with the commercial use 
of indigenous inoculum (considered to belong to the 
global commons) being converted to private property 
(Kothamasi et al. 2011).

Further research is needed to determine the effects 
of management practices and different cropping sys-
tems on the performance of PRs. Since PR dissolution 
is influenced by the amount of surface area brought 
into direct contact with the soil, complete incorpora-
tion is considered the most suitable method of appli-
cation. However, on soils with high P retention, incor-
poration reduces the effectiveness of WSP fertilizers 
and PRs. While band application reduces P retention 
from WSP fertilizers, it would also reduce PR disso-
lution. A similar effect would be expected with the 
use of the strategic application of fertilizer via micro-
dosing, a technique developed for and widely adopted 
in the Sahelian countries (Bationo et al. 2020). This 
approach involves the application of small doses of 
commercial N, P, and K fertilizers close to the plant 
as a means of increasing nutrient use efficiency while 
reducing fertilizer investment cost. The microdosing 
approach of feeding the plant was designed for use 
with WSP fertilizers; replacement of WSP with reac-
tive PR could result in a reduction of soluble P due to 
reduced surface area contact with the soil and needs 
additional study.
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Application method is also an important con-
sideration in the viability of reactive PR use in 
no- or low-till scenarios, where surface broadcast 
application reduces contact with the soil, particu-
larly in annual cropping systems. The use of direct 
application of reactive PRs in flooded rice crop-
ping systems requires more investigation. Because 
acidic soils trend to neutral pH on flooding, soil pH 
conditions would not be conducive to PR dissolu-
tion. Engelstad (1974) reported that highly reac-
tive NCPR was not comparable to TSP in flooded 
rice systems, while Hellums (1991) reported highly 
reactive Bayovar PR was 83% as effective as TSP 
when P fertilizers were added to the soil two weeks 
prior to flooding. Since rice-based cropping systems 
are diverse and extensive, further research is neces-
sary to identify the management practices that most 
improve PR viability (Chien and Friesen 1992).

Most published research has focused on the rela-
tionship between conventional WSP fertilizers and 
eutrophication. Little information is available in the 
literature on the use of non-conventional P sources, 
such as reactive PR, and their impact on P runoff. 
Preliminary research found that the use of reactive 
PRs minimized eutrophication compared to WSP 
sources because of lower P availability from PRs for 
algal growth. Shigaki et  al. (2007) presented results 
revealing that P losses from surface runoff were sig-
nificantly lower on three soils with reactive NCPR 
compared with TSP. Additional work, including field 
studies, is needed to validate this finding and to more 
clearly define the edaphic and climatic conditions 
under which directly applied PR will effectively sub-
stitute for WSP in soils with significant P reserves.

Concerns remain about the impact of prolonged 
use of PRs containing hazardous elements on global 
agricultural soils. Research on recovering hazardous 
elements, such as U and rare earth elements, from 
PR is warranted. When demand for U was high in 
the past (1980s–1990s), it was commercially recov-
ered as a byproduct of wet phosphoric acid produc-
tion in Florida (USA). Extracting U during phosphate 
fertilizer production is desirable since otherwise lost 
resources (U) are conserved and the fertilizer (and 
byproducts) produce less radiotoxic heavy metals. 
However, removing U from PR presents technological 
and economic challenges, since heavy metal removal 
requires additional processing (e.g., direct leaching) 
prior to the usual processing steps. The increasing 

need for clean energy options, such as nuclear power, 
and rare earth element technologies is resulting in a 
resurgence of interest in recovery from PRs, as global 
demand exceeds supply (Haneklaus et  al. 2017; 
Haneklaus et al. 2024; Mwalongo et al. 2023; Steiner 
et al. 2020; Ulrich et al. 2014). Cost-effective removal 
of these elements could have positive benefits for PR 
use, particularly in SSA.

Summary

All farmers have a deep appreciation for the physi-
cal, biological, and socio-economic elements of their 
environment. They do not willingly degrade their 
soil resources but apply soil fertility improvement 
strategies that are within their reach. For smallhold-
ers, gaining access to affordable P nutrients is crucial 
for improving food production, livelihoods, and soil 
health. Under these circumstances, direct application 
of indigenous or regional reactive PRs is proposed 
as a possible alternative to annual WSP fertilizer, 
assuming availability of a cost-effective reactive PR 
as well as appropriate soil properties and cropping 
systems. While direct application of medium- or 
highly reactive PRs may offer opportunities for the 
agronomic use of a limited number of these depos-
its, many factors must be considered in determining 
whether domestically produced PRs offer a competi-
tive advantage over commercial WSP fertilizers, par-
ticularly for annual crops. While potential markets 
do exist, several factors other than RAE have histori-
cally influenced the use of PR sources. It should not 
be assumed that the presence of an indigenous PR 
deposit will result in a lower-cost solution to soil P 
infertility.

For farmers practicing intensive or organic agricul-
ture, reactive PR could substitute for WSP in supply-
ing maintenance doses of P. However, a caveat to be 
considered is the limited availability of reactive PR in 
the market. Highly reactive NCPR, Bayovar PR, and 
Gafsa PR have consistently provided plant-available 
P comparable to WSP sources, but only Gafsa PR is 
being used in significant amounts for direct applica-
tion. NCPR is only used for production of processed 
phosphate concentrates, as is much of the Bayovar PR 
exported from Peru. Because WSP fertilizer produc-
tion is a mature industry resilient to disruption, the 
use of reactive PR for direct application in intensive 
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cropping systems appears limited in the foreseeable 
future.

Future research to determine whether PRs will 
have an expanded role as P fertilizers will require 
additional investigation of physical and chemical 
processes to improve solubility and produce NPKs 
containing PR, the biological means to improve PR 
solubility, effective management practices for PRs in 
various cropping systems, impacts on eutrophication, 
and identification of cost-effective means of removing 
heavy metals from reactive sedimentary PRs.

Like all fertilizer use, the underlying and linked 
considerations that should govern PR use must be 
agronomic performance, nutrient use efficiency, cost 
effectiveness, and environmental impacts. The best 
practices of ISFM should be implemented when 
applying reactive PRs or WSP fertilizers to P-defi-
cient acid soils, especially in SSA, while intensive 
farming systems call for the use of the 4R Princi-
ples of Nutrient Stewardship (right source, right rate, 
right time, and right application method) to be given 
priority. Improving P recovery and efficiency while 
reducing negative environmental effects are important 
short-term goals and will require a sensible strategy 
to produce more food while minimizing P losses. 
Only techniques which are logistically, technically, 
and economically feasible should be adopted.
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