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Abstract: This study set out to establish the major minerals at Dorowa and determine which of those are likely to host 
metals that may leach into surface and groundwater. This study comes after a preliminary assessment of the water quality 
in the Save River downstream of the Dorowa phosphate mine in Zimbabwe showed an increase in conductivity, iron 
content, manganese content, nitrates and hardness when compared to those taken before the mining area. X-Ray 
Diffractometry (XRD) was used to establish the major minerals at Dorowa whilst Inductively Coupled Plasma Mass 
Spectrometry (ICP- MS) was used to establish the chemistry of the rocks. The results from this study show that the major 
minerals in the rocks around Dorowa are feldspars, pyroxenes, apatite, magnetite and calcite. The metals hosted by the 
rocks include Ag, As, Be, Cd, Co, Cu, Pb, Hg, Ni, Sb, Se and Zn. The study concludes that the minerals likely to host 
metals are calcite and apatite. Metal hosting is higher in apatite minerals than in calcite. Metal hosting by the other 
minerals observed in the study area is low.  
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INTRODUCTION 

 Igneous rock phosphates are currently being mined at 
Dorowa mine in Zimbabwe (Fig. 1). The measured rock 
phosphate resource at Dorowa is 73 million tonnes phos-
phate rock with an average grade of 6.6% P2O5 giving 
approximately 4.82 million tonnes P2O5 [1]. According to [2] 
and [3] rock phosphates may contain heavy and radioactive 
elements considered to be toxic to humans and animals. The 
heavy metal and radionuclide content varies according to the 
geologic setting of the mining area [4-8]. In general, sedi-
mentary phosphates contain much higher concentrations of 
potentially harmful elements (Cd, Cr, Se, and U) than 
igneous phosphates [9-12]. Although sedimentary phos-
phates are characterized by a significantly higher content of: 
Be, Cd, Cr, Ni, Mo and U, compared to igneous phosphates, 
the latter still contain a substantial amount of these heavy 
metals [13,14]. Apatite mining on the Khibiny apatite–
nepheline ore deposits in NW Russia has affected ground 
waters near the mines through elevated concentrations of 
total dissolved solids and metals [14]. These observations 
together with the fact that approximately one fifth of the 
world’s marketable phosphate production is derived from 
igneous rocks [13,15] make the study of igneous rock 
phosphate a necessity. Although there are numerous studies 
on heavy metals in sedimentary and igneous phosphates, 
there are a relatively limited number of references dealing 
with the actual minerals that host the heavy metals. The 
phosphates at Dorowa are mined from an alkaline ring 
complex that possesses structural, petrological, mineralo- 
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gical and geochemical features similar to other igneous 
phosphate deposits known in the world. Therefore results 
from this study can be extended to these other deposits. 
 Though substantial work on the mineralogy of the 
Dorowa ring complex has been carried out [16-21], prior to 
this study there was no data available on those minerals 
potentially hosting heavy metals from this ring complex. 
Thus this work set out to determine the major minerals at 
Dorowa mine and identify those that have a potential of 
hosting metals and make the study a basis for applying to 
other phosphate deposits of igneous origin. The knowledge 
of metal host is vital as it gives an insight on fate of metals. 
The results from this study will be used to predict the long-
term impacts of mining activities around Dorowa Mine, 
particularly with respect to the quality of drinking water. 
Around the study area (Dorowa), most villagers use the Save 
River as their primary drinking water source. 

GEOLOGY OF THE RING COMPLEX AND 
SAMPLING 

 The study area is Dorowa Mine, situated in the catchment 
of the Save River, Zimbabwe (Fig. 1). The area is located in 
the Buhera District of Zimbabwe at 19°04'S; 31°46'E. The 
geology of the Dorowa alkaline ring complex was inves-
tigated in detail by [17] and [21]. 
 The mine is exploiting a Mesozoic carbonatite that is 
associated with foyaite, ijolite and pulaskite [18]. The 
calcium carbonate plug forms a very small portion of the 
complex and the foyaites and ijolites have been extensively 
mineralized with phlogopite, vermiculite and apatite. The 
main rock being mined at Dorowa is fluoro-apatite (Ca5 
(PO4)3(OH, F, Cl) rock which comprises more than 50% of 
the apatite. Carbonate and hydroxyl apatite are also present 
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[22]. Mining is concentrated in two main centres within the 
syenite fenite known as the North and South Pits. In the 
North Pit apatite occurs with vermiculite in the form of 
dykes, veins and stringers [17] whilst in the South Pit it 
occurs with pyroxene. Fig. (2) shows a sketch map of the 
geology of the Dorowa Complex. 
 The main rock types in the area are pyroxenites, igneous 
carbonatites, iron bearing rocks and alkaline syenites [18, 
20]. These rocks are intersected by carbonates, feldspar veins 
and ultramafic dykes. The relationship between the different 
rock types is very complex. Nevertheless, during sampling 
an attempt was made to sample from all the major rocks 
types that could be visually distinguished. The following 
rock types were sampled; syenite, pyroxenite, apatite rock, 
carbonatite, magnetite rock and dolerite. Based on the 
mineralogy five syenites, three pyroxenites, two apatite 
bearing rocks, two dolerites, one carbonatite and one 
magnetite bearing rock were analyzed.  

Analytical Methods 

 The rock samples were crushed and split into fractions by 
coning and quartering. The sample size was determined by 
the variability of the rock. In all cases it was ensured that the 

total sample for a rock was sufficient to properly characterize 
the rock described. The rock samples were ground and 
pulverized to pass through a 180 µm sieve. To minimize 
contamination, an agate mortar and pestle was used for 
grinding and pulverizing the samples.  
 X-ray diffraction was used to identify the major minerals 
present. The X-ray diffraction (XRD) patterns were recorded 
on un-oriented powder using an X'Pert Quantify Diffracto-
meter with a Gonio Scan Axis operating at 30 mA and 40 kV 
using CuKα radiation. The samples were scanned in the 
range, 3-80°, 2θ using a continuous scan step size of 0.02° 
2θ and scan step time of 0.5s. The method used identifies all 
phases greater than 2% in the sample. The phases were 
indexed using Diffrac-AT software linked to a JCPDS 
database. XRD scans were matched, based on the so-called 
"figure-of-merit" with a standard mineral database [ICDD 
PDF2 (2002)]. All phases indicated to be present in a sample 
were evaluated by verifying peak by peak to see if there was 
a close match with the powder diffraction file.  
 ICP- MS was used to analyze for the metals in the rock 
samples. The metals analyzed for in this study are those that 
are of concern to plant, animal and human health. [23] 
prioritized the following elements as the most toxic from the 

 
Fig. (1). Study area Dorowa in the Save Catchment of Zimbabwe. 
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standpoint of potential hazard to plants and human healthy: 
arsenic (As), beryllium (Be), antimony (Sb), cadmium (Cd), 
chromium (Cr), copper (Cu), lead (Pb), mercury (Hg), nickel 
(Ni), selenium (Se), silver (Ag), and zinc (Zn). [24] 
classified metals according to toxicity and availability into 
three categories namely: non critical; toxic but insoluble or 
very rare; and very toxic and relatively accessible. Their very 
toxic and relatively accessible category contained beryllium 
(Be), cobalt (Co), nickel (Ni), zinc (Zn), tin (Sn), arsenic 
(As), selenium (Se), tellurium (Te), palladium (Pd), silver 
(Ag), cadmium (Cd), platinum (Pt), gold (Au), mercury 
(Hg), thallium (To), lead (Pb), antimony (Sb) and bismuth 
(Bi) in specific forms. The elements common in the two 
classifications are Ag, As, Be, Cd, Co, Cu, Pb, Hg, Ni, Sb, 
Se, and Zn. Thus these metals were analyzed for in this 
study. Hg was not analyzed for due to unavailability of the 
appropriate equipment. 

RESULTS 

 Phases detected by the XRD analysis in the 14 rock 
samples are summarized in Table 1. A summary of minerals 
found in the ring complex are given in Table 2 which also 
lists the observed chemical formula, and the group to which 
the observed mineral belongs. The major minerals at Dorowa 
are feldspars, pyroxenes, apatite, magnetite and calcite. 
Feldspars and pyroxene are present in 11 out of 14 samples. 
In 8 of the samples apatite minerals were found. In three 
samples, small peaks corresponding to clays (which are 
probably alteration products of the magmatic minerals) were 
observed. Though the clay mineral could be identified as 
montmorillonite in one of the rocks (Meck 2), the peaks in 
the other two rocks (Meck 9 and Meck 12) were insufficient 
to allow determination of the mineral present. The XRD 
results show the presence of fluor-apatite and hydroxyl 
apatite in the Dorowa Complex. These observations compare 

 

Fig. (2). Sketch Geology map of the Dorowa Carbonatite after [21]. 
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well with the work done by previous researchers [16-18, 20] 
and observations elsewhere in the world which shows that 
fluor-apatite is the dominant apatite in crustal rocks but 
occurs with hydroxyl apatite in most cases [15]. 
 The ICP-MS results shows that most rocks at Dorowa are 
associated with the metals Ag, As, Be, Cd, Co, Cu, Pb, Ni, 

Sb, Se, Zn. Fig. (3) shows the metals associated with the 
different rocks analyzed. The data shows that the rocks Meck 
3, Meck 4, Meck 9 have the highest metal levels. Analysis of 
the XRD results in table 1 show that these rocks contain 
magnetite, calcite and apatite. Meck 1, Meck 2, Meck 5 and 
Meck 10 have the lowest metal levels. These rocks are either 

Table 1. Minerals Picked Up by XRD in the Different Rock Samples 
 

Sample Name Minerals Picked by XRD Rock Name 

Meck1 calcium carbonate, fluoro-apatite Syenite 

Meck2 fluorapatite, Ce-rich, augite, albite, montmorillonite Dolerite 

Meck3 Albite intermediate, , sodium tecto-alumosilicate, diopside, apatite Pyroxenite 

Meck4 iron diiron(III) oxide, magnetite low, syn, iron III hydrogen oxide, magnetite Magnetitite 

Meck5 Albite, ordered, augite Syenite 

Meck 6 Diopside, aluminian, syn, augite, albite, flourapatite, bytownite, enstatite Pyroxenite 

Meck 7 Hydroxyl apatite, syn, iron diiron(III) oxide Phosphate rock 

Meck 8 Augite Hydroxyl apatite, syn Albite, ordered Pyroxenite 

Meck 9 Calcite, Montmorillonite-15A Carbonatite 

Meck 10 Diopside, aluminian, Hydroxyl apatite, Albite, ordered Dolorite 

Meck 11 Albite, calcian, augite, lazurite, nepheline Syenite 

Meck 12 Albite, ordered, Anorthoclase, disordered, Montmorillonite Syenite 

Meck 13 Albite, calcian, ordered Orthoclase, Augite, aluminian Syenite 

Meck 14 Hydroxyl apatite, syn Actinolite, Magnetite, syn, α-Si O2, quartz HP Phosphate Rock 
 
Table 2. Major Minerals in the Dorowa Ring Complex 
 

Mineral/ Compound Group/Family General Formula Empirical Formula Minerals Observed in this Study 

Augite Silicate (Ca, Na)(Mg, Fe, Al, 
Ti)(Si,Al)2O6 

Ca0.9Na0.1Mg0.9Fe2+
0.2Al0.4Ti0.1Si1.9O6 

(Mg,Al,Fe,Ti,Cr)Ca,Na,Fe,Mg)(Si,
Al)2 O6 

Mg.927Ca.818 Al.078 Fe.069 Na.06 Cr.04 

Ti.008 Si2 O6 

Calcium carbonate Carbonate CaCO3 CaCO3 CaCO3 

Fluorapatite Phosphate Ca5(PO4)3F Ca5(PO4)3F 
Ca9.653Ce0.327Na0.02(Si0.32 P5.68 

O24)F1.48(O H)0.52 
Ca5(PO4)3 F.94 Cl.1 

Albite Silicate NaAlSi3O8 Na0.95Ca0.05Al1.05Si2.95O8 
(Na0.98Ca0.02)(Al1.02Si2.98O8) 

Na Al1.08 Si2.92 O8 

Diopside Silicate CaMgSi2O6 CaMg(Si2O6) 
Ca Mg(Si O3)2 

Ca (Mg , Al) ( Si, Al)2 O6 

Apatite Phosphate Ca5(PO4)3(OH,F,Cl) Ca5(PO4)3(OH)0.3333F0.3333Cl0.3333 Ca5 (F, Cl) P3 O12 

Iron di iron (III) oxide Oxide FeO·Fe2O3 FeO·Fe2O3 Fe3 O4 

Magnetite Oxide Fe++Fe+++
2O4 Fe3+

2Fe2+O4 Fe3 O4 

Enstatite Silicate Mg2Si2O6 Mg2Si2O6 Mg31.88 Sc2.72Si32.04 O100 

Hydroxyl apatite Phosphate Ca5(PO4)3(OH) Ca5(PO4)3(OH) Ca9.42Sr0.18H0.4(PO4)6(OH)1.60 

Montmorillonite-15A Clay (Na,Ca)0,3(Al,Mg)2Si4O10 

(OH)2·n(H2O) Na0.2Ca0.1Al2Si4O10 (OH)2(H2O)10 Ca0.2(Al,Mg)2 Si4 O10 (OH)2·4 H2O 

Lazurite Silicate Na3Ca(Al3Si3O12)S Na3CaAl3Si3O12S Na3CaAl3Si3O12S 

Anorthoclase Silicate (Na,K)AlSi3O8 Na0.75K0.25AlSi3O8 (Na,K)(Si3Al)O8 

Nepheline Silicate (Na,K)AlSiO4 Na0.75K0.25Al(SiO4) Na3 K Al4 Si4 O16 

Actinolite Silicate Ca2(Mg,Fe++)5Si8O22(OH)2 Ca2Mg3Si8O22(OH)2Fe2+
2 Ca (Mg, Fe+2) Si2O6·2 (Mg, Fe) SiO3 

Quartz Silicate SiO2 SiO2 á-Si O2 

Iron(III) hydrogen 
Oxide Oxide   Fe1.98 H0.06O3 
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dolerites or syenites with very low amounts of apatite 
minerals. The rocks with flouro apatite (Meck, 1, Meck2, 
and Meck6) have generally lower metal levels than those 
with hydroxyl apatite (Meck 7, Meck 8 and Meck 14). 
 A comparison of the metal levels in the rock phosphate at 
Dorowa obtained in this study with rock phosphates from 
other places in the world shows that the levels obtained in 
this study are within the average levels of similar rocks. Fig. 

(4) gives a graphical representation of the levels of metals 
obtained in this study alongside average heavy metal 
concentrations in phosphate rock (PR) deposits cited by [4]. 

DISCUSSION 

 Based on the evidence presented from the XRD scans 
and the ICP-MS results a good case can be made that the 

 
Fig. (3). Metal levels in the different rocks around Dorowa. 

 
Fig. (4). Metals levels in the two rock phosphates from the study area alongside average heavy metal concentrations in phosphate rock (PR) 
deposits cited by [4] as data obtained by Kongshaug et al., 1992. 
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culprit minerals are magnetite, calcite and apatite. The rocks 
with these minerals have higher metal content. Fig. (5) 
shows the total metal content for the rocks in the ring 
complex. 
 The carbonatite and apatite bearing rocks (Meck 3, Meck 
4, Meck 9) have higher levels of metals compared to the 
other rocks. Analysis of the phases present in the rocks 
shows that the carbonatite Meck 9 contains lower total metal 
content when compared to Meck 3 and Meck 4 which are 
apatite bearing rocks. This data is therefore implying that the 
minerals with higher potential of hosting metals in the 
Dorowa complex are apatite and calcite. Both results in XRD 
and ICP-MS results concur that calcite and apatite are likely 
to host metals. The XRD data presented in Table 2 shows 
that the various apatites found in the study area have a site 
that is hosting trace elements further confirming that these 
apatites have a potential for hosting metals. The data is also 
indicating that metal hosting is lower in calcite minerals and 
higher in apatite minerals. 
 The crystal-chemistry of the two minerals (calcites and 
apatites) were scrutinized to explain metal hosting in these 
minerals making use of literature by [23-40] that summarizes 
the mechanisms of element incorporation in carbonates, 
phosphates, and silicates. The literature provides the 
fundamental constraints on reactions such as sorption, co-
precipitation, crystal growth, and dissolution; thus dictating 
the elements hosted.  

Phosphates Substitution 

 Apatite is more likely to host the metals because its 
structure is characterized by various substitutions (e.g. Sr 6+ 
or Ba 6+ for Ca2+; (SiO4) 4- for (PO4)6- and Cl- or F- for (OH)) 
without a significant alteration to its basic structure. Thus it  
 

can bind many toxic metals into stable mineral structures. 
There are two distinct Ca sites in the apatite structure i.e. the 
Ca1 site which is coordinated by nine O atoms and the Ca2 
site which is coordinated by six O atoms. The size and 
geometry of the Ca2 site varies, depending on the column 
anion. Ca may be substituted by K, Na, Mn, Ni, Cu, Co, Zn, 
Sr, Ba, Pb, Cd, Sn, Y, and Rare Earth Elements (REE). 
Substitution of trivalent cations such as REE for Ca2 has 
been shown to be coupled with substitutions of Na+ f or Ca2+ 
[41, 42]. The structure also allows elements such as arsenic 
and chromium to be substituted by exchanging with the 
phosphate ions. Substitution of metals in apatite and the 
resultant diverse compositions are described by [43-50]. Size 
limit related the anion and cation radius for phosphates are 
elaborated by [51-53].  

Carbonate Substitution  

 Several studies have been carried out to consider elemen-
tal substitution within calcite structure carbonates [54-59] 
and conclude that substitution is controlled primarily by 
gross features of the crystal structure. The crystal structure of 
many carbonate minerals reflects the trigonal symmetry of 
the carbonate ion, which is composed of a carbon atom 
centrally located in an equilateral triangle of oxygen atoms 
[60]. According to [53] the range of radius ratio that can 
substitute in the structure is 0.155- 0.225Å. Alkaline earth 
elements in carbonates can be substituted by the 3-d 
transition metals [61]. The carbonate anion group usually 
occurs in combination with calcium, sodium, uranium, iron, 
aluminum, manganese, barium, zinc, copper, lead, or the 
rare-earth elements [60]. Relatively common carbonate 
minerals serve as metal ores: siderite, for iron; rhodochrosite, 
for manganese; strontianite, for strontium; smithsonite, for 
zinc; witherite, for barium; and cerussite, for lead.  
 

 
Fig. (5). Total metal content in the different rock types at Dorowa. 
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 Substitution depends on chemical composition, crystal 
structure, pressure and temperature [34, 62]. Substitution of 
the metal ions therefore occurs in the Ca site [62,63] 
summarize the comparative compressibility’s of calcite-
structure carbonates and notes that relaxation around an 
“impurity” ion is localized, and the corner-sharing structural 
topology of calcite facilitates the observed wide spectrum of 
impurity substitution. Though the calcite-structure carbo-
nates represent a mineral group that is structurally different 
from oxides and silicates, the Mg-Fe substitution in calcite-
structure is similar in magnitude to that in silicate spinels 
which means the absolute difference is typically no more 
than a few percent for complete substitution [64]. 
 Co-precipitation experiments from aqueous solution at 
room temperature reveal that divalent Co, Zn, Cd, and Ba 
exhibit different preferences for incorporation among 
multiple surface sites present on the calcite face during spiral 
growth [65]. Experimental work on the co- precipitation of 
divalent Co, Zn, Mn, Fe, Cd, Sr, Pb, and Ba with Ca in 
calcite has shown strongly selective uptake in structurally 
distinct surface sites on the calcite. Despite distinct surface-
site preferences and uptake patterns varying in magnitude by 
more than a factor of ten, bulk coordination differs only 
minimally [66] have also shown that trapping can also lead 
to metal hosting in minerals when he showed a calcite 
deposit trapping traces of Pb, Zn and Cd[(Ca, nPb, nZn, 
nCd)]CO3 during carbonation. The major carbonate in the 
study area is calcite thus significant trapping and substitution 
of potential pollutants is possible.  
 This study has established the minerals potentially host-
ing toxic metals. Chemical data provided has shown that the 
levels of metals are higher in the rocks that contain calcite 
and apatite. The discussion has elaborated mechanisms by 
which the metals are hosted in the calcite and apatite 
minerals.  

CONCLUSION 

 This paper presents an insight into the minerals that are 
likely to host the metals in the study area. It is an important 
step needed prior to modeling because it enables the deter-
mination of the suppositions needed for the model, as it 
provides evidence concerning the minerals that control 
potential pollutants. The carbonates and phosphates have 
been identified as the potential pollutant host minerals. High-
grade quality rock phosphate deposits are being depleted 
worldwide due to increased agricultural activities, so more 
and more mining companies are turning to lower quality 
sources and more to igneous rock phosphates. Because most 
rock phosphates of igneous origin are associated with several 
minerals, use of them as a source for phosphate-fertilizers 
increase the use of minerals that may contain heavy metals. 
The study has shown an increase in conductivity, iron con-
tent, manganese content, nitrates and hardness downstream 
of the study area. Thus deductions from this study and 
similar studies can be used to quickly pinpoint the minerals 
that host the pollutants and therefore take the necessary 
precautions. It should also be noted that as much as two 
thirds of the world’s known phosphate resources are 
composed of carbonate rich phosphate rock therefore exploi-
tation of these deposits, provides a potential for contamina-

tion of the areas surrounding the mines and also areas where 
they are used by increasing heavy metal levels.  
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