Minerals that Host Metals at Dorowa Rock Phosphate Mine, Zimbabwe
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Abstract: This study set out to establish the major mumerals at Dorowa and determme which of those are likelv to host
metals that may leach into surface and groumdwater. This study comes after a prelinmary assessment of the water quality
m the Save Frver downsteam of the Dorowz phosphate mime m Zombabwe showed an merease in conductrvity, won
content, manganese content, nitrates and hardness when compared to those tsken before the mining area. X-Eav
Diffractomety (HED) was used to establish the major minerals at Deorowa whilst Inductively Coupled Plasma Mass
Spectrometry (ICP- MS) was nsed to establish the chemmstry of the rocks. The results from this study show that the major
mmerals m the rocks around Dorowa are faldspars, pyroxenss, apatite, magnetite and caleite The metals hosted by the
rocks melude Az, As Be Cd Ce, Cu, Pb, Hg, M1, 5b, Se and Zn The study concludes that the mimerals likely to host
metals are caleite and apatite. Metal hosting is higher in apatite mmerals than in caleite Metal hestmg by the other

mmearals observed m the sdy area is low.

Kevwords: Imneous Rock phosphates, metal host.

INTRODUCTION

Ienecus rock phesphates are cumrently being mined at
Dorowa mme m Zimbabwe (Fig. 1). The measured rock
phosphate resource at Dorowa 15 73 mullion tonnes phos-
phate rock with an average grade of 6.6% P20s; giving
approximately 422 million tonnes POs [1]. According to [2]
and [3] rock phosphates may contain heavy and radwactive
elements considered to be toxic to humans and animals. The
heavy metal and radionuclide content varies according to the
geologic setting of the mimng area [4-8]. In gemeral, sedi-
mentary phosphates contam much higher concentrations of
potentially harmful elements (Cd, Cr, Se, and U} than
ignecus phosphates [9-12]. Although sedimentary phos-
phates are characterized by a significantly higher content of:
Be, Cd, Cr, N1, Mo and U, comparad to 1gnecus phosphates,
the latter still contain a substantial amount of these heavy
metals [13.14]. Apatite mmmg on the Ehibmy apatite—
nepheline ore depesits m NWW Bussia has affected ground
waters near the mmes through elevated concentrahions of
total dissolved solids and metals [14]. These obszervations
together with the fact that approximately one fifth of the
world’s marketable phosphate production 13 derived from
igneous rocks [13.15] make the study of igmecus rock
phosphate a necessity. Although there are numerous studies
on heavy metals m zedimentary and igneous phosphates,
there are a relatively himited mumber of references dealing
with the actnal minerals that host the heavy metals. The
phosphates at Dorowa are mined from an slkaline ring
complex that possesses structural, petrological, minerale-
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gical and geochemical features similar to other igmesous
phosphats deposits known in the world. Therefore results
from flus study can be extended to these other deposits.

Though substantial work on the mineralogy of the
Dorowa ring complex has been camied out [16-21], prior to
this study thers was no data svalable on these nunerals
potentially hosting heavy metals from tlus ring complex.
Thus this work set out fo determine the major mmerals at
Dorowa mine and identify those that have a potential of
hosting metals and make the study a basis for applving to
other phosphate deposits of igneous onigin. The knowledge
of metal host is vital as it gives an msight on fate of metals.
The results from this study will be used to predict the long-
term impacts of mining activities around Derowa Mine,
particularly with respect to the guality of drinking water.
Around the study area (Dorowa), most villagers use the Save
Biver as their primary drinking water source.

GEOLOGY OF THE
SAMPLING

The study area 1z Dorowa Mine, sitated in the catclunent
of the Save Biver, Zimbabwe (Fig. 1). The area is located in
the Bubera District of Zimbabwe at 19°04'S; 31°46°E. The
geolegy of the Dorowa alkaline ring complex was inves-
tigated in detail by [17] and [21].

The mine 15 exploitmz a Mesozoie carbonatite that 1s
associated with foyaite. polite and pulaskite [18]. The
calciim carbonate plug forms a very small portion of the
complex and the foyaites and ijelites have been extensively
mineralized with phlogopite, vermiculite and apatite. The
main rock being mined at Dorowsa is fluore-apatite (Ca;
(PO4):(0H, F, Cl) rock which comprises more than 50% of
the apatite. Carbonate and hydroxyl apatite are also present
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Fiz. (1), Study area Dorowa m the Save Catchment of Zumbabwe.

22]. Mining is concentrated in two mamn centres within the
syenite fenite known as the North and South Pits. In the
North Pit apante occurs with vermuculite m the form of
dykes, vems and stringers [17] whilst m the South Pit it
occurs with pyroxene. Fig. (2) shows a sketch map of the
geology of the Dorowa Complex.

The mam rock types in the arsa are pyroxenttes, igneous
carbonatites, iron bearing rocks and alkaline svenites [18,
20]. These rocks are intersected by carbonates, feldspar veins
and ultramafic dykes. The relationship between the different
rock tvpes is very complex. Nevertheless, during samplng
an attempt was made fo sample from all the major rocks
fypes that could be visnally disinguished. The followmg
rock types were sampled; svenite, pyToxenite, apatite rock,
carbonatite, magnetite rock and dolente. Based on the
mineralogy five syenites, three pyroxenites, two apatite
bearmg rocks, two dolerites, one carbonatite and one
magnetite beanng rock were analyzed.

Analvtical Methods

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

total sample for a rock was sufficlent to properly characterize
the rock described. The rock samples were ground and
pulverized to pass through a 180 yum sieve. To minimize
contamunation, an agate mortar and pestle was used for
grinding znd pulverizing the samples.

Xray diffraction was used to 1dentify the major minerals
present. The X-ray diffraction (XED) patterns were recorded
on un-oriented powder nsing an XPert Quantify Diffracto-
meter with a Gonio Scan Axis operating at 30 mA and 40 kW
usmg CuKo radiafion. The samples were scanned i the
range, 3-80°, 28 using a contmuous scan step size of 0.02°
26 and scan step time of 0.35. The method used identifies all
phases greater than 2% m the sample. The phases were
mdexed usmg Diffrac-AT software lmked to a JCPDS
database. XED scans were matched, based on the so-called
"figure-of-merit” with a standard mineral database [ICDD
FDE2 (2002)]. All phases indicated to be present in a sample
were evaluated by venfying peak by peak to see if there was
a close match with the powder diffracdon file.

ICP- MS was used to analyze for the metals m the rock
samples. The metals analyzed for i this study are those that
are of concemn to plant, animal snd humean health. [23]
prioritized the following elements as the most toxic from the
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Fig. (2). Sketch Geology map of the Dorowa Carbonatte after [21].

standpeint of potential hazard to plants and human healthy:
arsemc (As), beryllnm (Be). antimeny (5b). cadmuum {Cd),
chromumm (Cr), copper (Cu), lead (Pb), merenry (Hg). nickel
(MNu), selemmum (Se), silver (Ag), and zinc (Zn). [24]
classified metals accordmng to toxicity and availability into
three categories namely: non critical; toxic but mseluble or
very rare; and very toxic and relatively accessible. Their very
toxic and relatively accessible category contamed beryllinm
(Be). cobalt (Co), mckel (N1). zinc {(Zn), tin (Sn). arsemc
(As), selenmum (Se), tellurom (Te), palladinm (Pd), silver
(Ag), cadminm (Cd), platmum (Pt), geld {(Au), mercury
(Hg), thallium (To), lead (Ph), antimony (5b) and bisnuth
(Bl) in specific forms. The elements commeon m the two
classifications are Ag, As Be. Cd, Co, Cu. Pb, Hg. N1, 5h,
Se, and Zn. Thus these metals were analyzed for in this
study. Hg was not analyzed for due to unavailability of the
appropriate equipment.
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RESULTS

Phases detected by the XED analysis m the 14 rock
samples are summarized i 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 cbserved mineral belongs. The major minerals at Dorowa
are feldspars, pyromenes. apatite, magnetite and caleife.
Feldspars and pyroxene are present i 11 out of 14 samples.
In 8 of the samples apatite minerals were found. In three
samples, small peaks comespending to clays (which are
probably alteration products of the magmatic minerals) were
observed. Though the clay muneral could be identified as
montmonllonte m one of the rocks (Meck 2), the peaks n
the other two rocks (Meck 9 and Meck 12) wers msufficient
to allow determination of the mineral present. The XED
results show the presence of fluor-apatite and hydroxyl
apatite in the Dorowa Complex. These observations compare

3
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Meck eral
Table 1. Mineral: Picked Up by XED in the Different Rock Samples
Sample Name Minerals Picked by XRD Rocl: Name
Meckl calcinm carbonate, flnora-aparite Svenita
Meck? fhorapatite. Ce-rich, sugite, albite, montmanilonte Dalerite
Weck3 Albite intermsdiate. | sodimm tacto-ahinosilicate, diopside, aparite Pyromenite
Meck4 iren difron(TIT) oxide. magnatite low, syn, mon [T hvdrogen codde, magnetite Mzgnertinte
Mecks Albite ordered angie Svenita
Meack d Diopside. shoninian, syn angite, albite, fourapatte, byiownite, enstate Pyronenite
Mack T Hyvdrowy] zpatite, svn, iron ditron(ITT) axide Phosphate rock
Mack 8 Anzite Hydroxyl apatie, syo Albite, ordered Pyromenite
Meack @ Calcite, Montworillonite-154 Carbonstite
Mack 10 Dhiopside, alunuwian, Hydroxyl apatite, Albrte, ordered Dolorite
Mack 11 Albite, calcisn, augite, lazurite, pephelms Svenita
Meck 12 Albite, ordered, Anorthoclase disordered Monmmorillonite Svenita
Meck 13 Albire, calcisn ordered Orthoclase, Angite, abunmian Svenita
Mack 14 Hydroxyl apatite, syn Actinolite, hMagpetite, syn, «-51 &, quanz HP Phosphate Raock

Table 2. Major Minerals in the Dorowa Ring Complex

Mineral' Compound GroupFamily Ceneral Formula Empirical Formula Mineral: Obzerved in this Study
iz Al Fe TiCr)Ca Ma Fa M) 5i,
o - (Cz, Mz)(Mg, Fe, Al _— Boar o Al O
Aungite Silicate Ti)(S5ATL0, Cagsdiag Mg, Fal'y 1ALy Tha 51, 0% Wiz o27Canse Alrs Fe cp N o
Tho 55, 0,
Calcivm carbonate Carbonate CaCo, Cal0, CaCi0y
CapesaCoy Vg (50 32 Puca
Fluorapatite Phasphate Cag(POULE CanPOLF O iF (O Hly o
CasPOuh Fau Cly
. . N . . (Mo mCa ) Al arSiz mOy)
Alhite Silicate NaAlSi, Oy Mg paClpanAly gs5iz o0y a AILOE 5i2.87 08
- - . . Ca Me(S1 Oh)
Diopside Silicata Cahdz5i,0 Callz(=i, 0, =
P . RS MEL0J Ca Mz, Al (56, Al O
Aparite Phasphate Cas(POWOH.F.CL) CaPO O 1200Fs 100Ch Cas(F. CLD Ps O3
Iron di mron (T} oxdde COrzide Fe(3Fe,(n FelrFe, O, Fe, 0,
Magnetita Onide Fe''Fe"" 0, Fa¥ Fe¥O, Fe, O,
Enstatite Silicate Me25i206 DolEsSiaOy Mg St Sz Chee
Hydrooyl apatita Phosphate Cas( PO WCH) Cag(POyW[0H) Capan 570 10 e s (POL)OH) 2
Monnmorillenite-15A Clay Nay1Cay  AlS10 0y 0 (OH)(H O Cayo{ALME): 5iy O (OH)py HO
Lazurite Silicate NayCalALSi0,;)5 Ma,CaAl 5605 Ma,CaALSH0) 5
Anorhoclase Silicate (173 EALSI308 18y 12 Flo 2 ALSLO, (Ma E(Si, A0,
Nephelne Silicate (Ma E)ALSIOH MagzaFa 1 ANED) Na, KAl 5i, Oy
Actinolite Silicata CayMlz Fe' 51,00 (OH), Cahg, Siy 0o {OH ) Fa™y Ca (Mg, Fa') 310y (Mg, Fe) 500,
Quanz Silicata S0y 510, 250
I:an::é}iﬂmgﬂ Oida Fe, ;o H, .0

well with the work done by previous researchers [16-13, 20]
and observations elsewhere in the world which shows that
flnor-apatite is the domunant 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, N1

Sk, 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 3ED resultz m table 1 show that these rocks contain
magnetite, caleite and apatite. Meck 1, Meck 2, Meck 5 and
Meck 10 have the lowest metal levels. Theze rocks are either
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Fig. (3} Metal levels in the different rocks around Dorowa

dolerites or syemes with very low amounts of apafite
minerals. The rocks with floure apatite (Meck, 1, Meck2,
and Meckf) have generally lower metal levels than those
with hydroxyl apatite (Meck 7, Meck 8 and Meck 14).

A comparison of the metal levels m the rock phosphate at
Dorowa chtained m this study with rock phosphates from
other places m the world shows that the levels obtamed in
this study are within the average levels of sunilar rocks. Fig.

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

DISCUSSION

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

concentration in ppm
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South  Morecco Othern. Midde
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Fig. (4). Metals levels in the twe rock phosphates fiom the study area alengside average heavy metal concentrations m phosphate rock (FE)}

depostts cited by [4] as data obtained by Kongshaug et al., 1992,
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culprit nunerals are magnetite, calcite and apatite. The rocks
with these minerals have higher metal comtent Fig. (5)
shows the total metal content for the rocks in the nng
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 Mack 3 and Meck 4 which are
apatite bearing rocks. This data is therefore implymg that the
minerals with higher petential of hosting metals m the
Dorows complex are apatite and calcite. Both results m XRD
and ICP-MS results concur that caleite and apatite are likely
to host metals. The XBD data presented m Table 2 shows
that the various apatites found m the study area have a site
that 15 hosting trace elements further confirming that these
apatites have a potential for hosting metals. The data 13 also
indicating that metal hosting 15 lower mn calcite mmerals and
higher in apatite minerals.

The crystal-chemistry of the two minerals (caleites and
apatites) were scrutmized to explain metal hosting m these
minerals makmg use of literature by [23-40] that summarizes
the mechanisms of element ncorporation mm carbenates,
phosphates, and sibicates. The literature provides the
fundamental constraints on reactions such as sorphon, co-
precipitation, crystal growth, and dissolntion; thus dictating
the elements hosted.

Phosphates Substitution

Apatite 1s more likely to host the metals becanse its
su'u-:rure 1z -::hara-:tenzed b'. '.ancmi substitutions (e.g. 51 =
orBa ¥ for C57; (5104 " for (PO and Clor F for (OH)
without a s1g11|ﬁ-:a|1t alteration to 1ts basic stucture. Thus it

Meek eral

can bind many toxic metals into stable mineral smictures.
There are two distinet Ca sites in the apatite structure Le. the
Cal site which 15 coordinated by nine O atoms and the Ca2
site which is coordinated by six O atoms. The size and
geomety of the Cal =ite varies, depending on the column
anion. Ca may be substiuted by I{, Na, Mn, Mi, Cu, Co. Zn,
81, Ba, Pb, Cd. Sn. Y, and Rare Ea.rl:h Elemfuts {REE}.
Substiution of trivalent cations such as FEEE for Cal has
been shown to be conpled with substintions of Na™f or Ca®
[41, 42]. The smucmure also allows elements such as arsemic
and chrommm to be substimted by exchangmg with the
phosphate 1ons. Substiution of metals m apatite and the
resultant diverse compositions are described by [43-30]. S1z=
linut related the anion and cation radins for phosphates are
elaborated by [51-33].

Carbonate Substitution

Several studies have been carmied out to consider elemen-
tal substmiion within calcite soucture carbonates [54-39]
and conclude that substiotion 15 conirelled primanly by
gross features of the crystal stueture. The crystal soucture of
many carbonate minerals reflects the mgonal symmeay of
the carbonate iom, which 15 composed of a carbon atom
centrally located in an equilaters] mangle of oxygen atoms
[6a]. .-‘accc:ardme; to [33] the range of radius ratio that can
substitute in the structure is 0.155- 0.225A. Alkaline earth
elements n carbonates can be substimted by the 3-d4
transition metals [61]. The carbonate amion group usually
occurs In combination with calcum, sodmm, nraniumm, iron,
aluminum, manganess, barmum, zine, copper, lead, or the
rare-zarth  elements [60]. Felatively common carbonate
munerals serve as metal ores: sidenite, for ron; rhodochrosite,
for manganese; stromfianite, for soontum; smithsenite, for
zine; witherite, for barium; and cerussite, for lead.
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Fiz, (5}, Total metal content m the different rock fypes at Dorowa,
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Substitution depends on chemical composifion, crystal
structure, pressure and temperature [34, 62]. Substitution of
the metal ions therefore cccurs m the Ca =ite [62.63]
summarize the comparative compressibility’s of caleite-
structure carbonates and notes that relaxation around an
“impurity” ion 15 localized, and the comer-sharing structural
topology of calcite facilitates the observed wide spectum of
mpunity substitution. Theugh the caleite-stucture carbo-
nates represent a mineral group that is structurally different
from oxides and silicates, the Mg-Fe substitution m caleite-
structure 15 simular m magmtde te that m sibeate spmels
which means the absolute difference is typically no more
than a few percent for complete substition [64].

Co-precipitation experiments from aguecus solution at
room temperature reveal that divalent Co, Zn. Cd, and Ba
exhibit different preferences for mcorporation ameng
multiple surface sites present on the calcite face during spiral
growth [65]. Experimental work on the co- precipitafion of
divalent Co, Zn. Mn, Fe, Cd, Sr. Pb, and Ba with Ca in
caleite has shown strongly selective uptake mn structurally
distinct surface sites on the calcite. Despite distmet surface-
site preferences and uptake pattems varving in magnitude by
more than a factor of ten, bulk coordimation differs only
minimally [66] have also shown that trapping can also lead
to metal hostng m mumerals when he showed a calote
deposit trappmg traces of Pb, Zn and Cd[(Ca, nPb. nfn,
nCd)]C0; durmg carbonation. The major carbonate in the
study area 1s caleite thus significant trapping and substitation
of potential pollutants is possible.

This study has established the munerals potentially host-
mg toxic metals. Chemical data provided has shown that the
levels of metals are higher i the rocks that contain caleite
and apatite. The discussion has elaborated mechanisms by
which the metals are hosted in the caleite and apatite
minerals.

CONCLUSION

This paper presents an msight mte the minerals that are
likely to host the metals m the study area. It 13 an inportant
step needed prior to modeling becanse it enables the deter-
minztion of the suppesitions needed for the model. as it
provides ewvidence concerumg the minerals that control
potentizl pollutants. The carbonates and phosphates have
been 1dentified as the potential pollutant host minerals. High-
grade guabty rock phosphate depesits are bemg depleted
worldwide due to mcreased agricultural activities, so mors
and more mining companies are turming to lower guality
sources and mere to igneous rock phosphates. Because most
rock phosphates of izneous origin are associated with several
minerals, use of them as a source for phosphate-fertlizers
imcrease the use of minerals that may contain heavy metals.
The stmdy has shown an increase m conductivity, ron con-
tent, manganese content, mitrates and hardness dewnstream
of the smdy area. Thus deductions from this smdy and
similar studies can be used to guickly pmpomt the minerals
that host the pollutants and therefore take the necessary
precaufions. It should also be noted that as mmch as two
thirds of the world's known phosphate resources ars
composed of carbonate rich phosphate rock therefore exploi-
tatiom of these deposits, provides a potential for contamina-
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tion of the areas surrounding the mines and also areas where
they are used by mereasing heavy metal levels.
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