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ABSTRACT: Ti-rich garnet is found within calcitic ijolite from the Oka carbonatite complex in Can-
ada, which is characterized by 58%–73% andradite component (2.12 wt.%–4.18 wt.% TiO2) and classi-
fied as melanite. The garnet displays complex zoning and contains abundant high field strength ele-
ments (HFSEs) and rare earth elements (REEs). Three groups (I, II, III) have been identified based on 
their petrographic nature. Compared to groups II and III, Group I garnet cores contain higher TiO2, 
MgO, HFSE, and REE and lower SiO2 abundances. The distinct chemical and petrographic signatures 
of the investigated garnets cannot be attributed to simple closed system crystallization, but they are 
consistent with the multi-pulse magma mixing. Combined with previously reported U-Pb ages for apa-
tite from the calcitic ijolite, at least three stages of magma evolution and subsequent mixing have been 
involved in the generation of calcitic ijolite at Oka. The early-formed melt that generated Group I gar-
net core was later mixed with at least two small-volume, more evolved melts. The intermediate stage 
melt formed the remaining garnet along with some pyroxene, calcite, nepheline, and apatite at 127±3.6 
Ma. The youngest, most evolved melt generated the majority of pyroxene, calcite, nepheline, and apatite 
within the calcitic ijolite at 115±3.1 Ma. 
KEY WORDS: melanite garnet, calcitic ijolite, Oka, magma mixing. 
 

0  INTRODUCTION 
The Oka intrusive carbonatite complex (Fig. 1) comprises 

a broad spectrum of rocks, including carbonatite, okaite, ijolite, 
calcitic ijolite, jacupirangite, and alnöite. Previous chemical, 
isotopic, and geochronological investigations of the carbonatite 
and associated silicate rocks from Oka indicate the involvement 
of periodic generation of small volume, partial melts from a 
heterogeneous mantle plume and subsequent magma mixing 
(Chen and Simonetti, 2014, 2013; Chen et al., 2013; Zurevinski 
and Mitchell, 2004). In addition, liquid immiscibility has been 
proposed for the formation of the carbonatite and associated 
silicate rocks at Oka (Treiman and Essene, 1985; Eby, 1975). 
Garnet dominated calcitic ijolite, which represents the most 
‘hybrid’ carbonate-silicate suite of rocks at Oka, occurs solely 
proximal to the nature center (Fig. 1) and is the only rock type 
containing garnet within the complex. 

Titanium-rich garnets commonly consist of andradite 
(Ca3Fe2

3+Si3O12), schorlomite (Ca3Ti2[Al>Fe3+]2SiO12) or  
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melanite (Ca3Ti2[Al<Fe3+]2SiO12), and have been found within 
various extrusive and intrusive Si-undersaturated alkaline igne-
ous rocks and related rock types (e.g., Niu et al., 2008; 
Chakhmouradian and McCammon, 2005; Vuorinen et al., 2005; 
Gwalani et al., 2000; Dingwell and Brearley, 1985; Manning 
and Harris, 1970). The garnets occurring in skarns and serpen-
tinized peridotite bodies are interpreted to be of metamorphic 
or metasomatic origin (Russell et al., 1999; Dingwell and 
Brearley, 1985; Deer et al., 1982). Primary magmatic Ti-rich 
garnet forms in a wide range of pressure-temperature condi-
tions with low Si-activities and oxygen fugacities (Vuorinen et 
al., 2005; Gwalani et al., 2000). Moreover, Ti-andradite 
phenocrysts within tephrite from the Amba Dongar carbonatite 
complex display complicated zonation, which suggests the 
involvement of polybaric differentiation, magma mixing, and 
kinetic effects in its formation history (Gwalani et al., 2000). 
Titanium-rich garnets from the Alnö complex show decreasing 
Ti but increasing Si within pyroxenite, ijolite, and nepheline 
syenite, which has been attributed to melt differentiation and 
small volume primitive magma mixing (Vuorinen et al., 2005). 

In order to obtain a more detailed petrogenetic history of 
the associated silicate rocks within the Oka carbonatite com-
plex, we investigate here the mineral chemistry and chemical 
zoning of garnets contained within calcitic ijolite from Oka, 
Québec (Canada). Given the distinct and unique ‘hybrid’ nature 
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of the calcitic ijolite suite rocks at Oka, investigation of the 
garnet chemistry included within this rock type will provide 
additional insights into the petrogenetic relationship between 
carbonatites and the alkaline silicate rocks as well as multiple 
stages of magma mixing. Lastly, the major and trace element 
results reported here are combined with existing geochro-
nological data to formulate a more detailed temporal evolution-
ary history for the Oka complex.   
 
1  GEOLOGICAL SETTINGS AND SAMPLE DESCRIP-
TIONS 

The Oka carbonatite complex (Fig. 1) represents the most 
westerly alkaline intrusion and the sole occurrence of carbonatite 
within the Monteregian igneous province (MIP), which consists of 
nine alkaline intrusions and associated dikes in southeastern Qué-
bec, Canada. The carbonatite and associated alkaline silicate rocks 
of the Oka complex intruded Precambrian basement. Oka demon-
strates a distorted figure eight structures with the northern and 
southern rings shown in the geological map (Fig. 1). Each ring 
consists of an early, outer annulus of alkaline silicate rocks and 
cored by later central carbonatites. Carbonatite in the Oka complex 
is predominantly coarse-grained calciocarbonatite, and contains 
accessory minerals such as biotite, apatite, nepheline, melilite, 
pyrochlore, perovskite, niocalite, magnetite, wollastonite, richterite, 
pyrite, Na-augite, and pyrrhotite (Chen and Simonetti, 2013; Gold 
et al., 1986). Okaite is composed of 60%–90% melilite, 10%–40% 
nepheline and minor amounts of haüyne, perovskite, apatite, biotite, 
magnetite, and calcite (Chen and Simonetti, 2013; Gold et al., 
1986). Jacupirangite consists of fassaite and minor magnetite in a 
cumulate texture with interstitial melilite, calcite, and haüyne (Gold 
et al., 1986; Treiman and Essene, 1985). Ijolite at Oka encom-
passes a wide range of mafic rock types and contains clinopyrox-
ene, melilite, nepheline, garnet, wollastonite or pectolite. Two      
Ti-garnet-bearing calcitic ijolite samples are investigated in this 
study (i.e., Oka21and Oka31), which consist of 30%–40% garnet, 
25%–30% clinopyroxene, 20%–30% nepheline, and 5%–10% 
calcite as the major minerals and accessory apatite (Chen and Si-
monetti, 2013; Gold et al., 1986). The intimate mixture of ijolite 
and carbonatite exists in some portions of the Oka complex, which 

was interpreted as large ocelli of ijolite melt within carbonatite 
magma (Gold et al., 1986; Treiman and Essene, 1985).  

Three groups of garnet have been identified within sam-
ples Oka21 and Oka31 based on their petrographic features. 
Group I garnet from Oka21 commonly displays distinct zona-
tion, with a dark brown inclusion-poor core and a light brown 
inclusion-rich rim (Fig. 2a). Group II garnets are light brown 
and inclusion-rich as single, small grains within Oka21 and 
Oka31 (Fig. 2d). Group III garnet from Oka31 is light brown 
and inclusion-rich with weak oscillatory zonation (Fig. 2c). 
Clinopyroxene from both samples are light green in color and 
contain abundant inclusions (Figs. 2b, 2d). The mineral inclu-
sions within light brown Ti-garnet include clinopyroxene, cal-
cite, nepheline, and apatite. Those included within clinopyrox-
ene consist of garnet, calcite, nepheline, and apatite. Calcite 
and nepheline are intergranular and occur mostly in the matrix. 
Apatite in calcitic ijolite is either intergranular or intragranular 
and commonly contains fluid/melt inclusions.  

 
2  ANALYTICAL METHODS 

The major element compositions of garnet were obtained 
using a Cameca SX50 electron microprobe analyzer (EMPA) at 
the University of Chicago. The EMPA is equipped with 4  
wavelength-dispersive spectrometers and a high-resolution 
energy-dispersive solid-state detector. The EMP analyses were 
conducted using a 15 kV accelerating potential and 30 nA inci-
dent current for the garnet. The natural and synthetic mineral 
and glass standards employed for calibration purposes were: 
natural olivine (for Fe, Mn, Mg, and Si), natural albite (for Na), 
synthetic glass of anorthite composition (for Al, Ca), natural 
microcline (for K), and synthetic TiO2 (for Ti). Calculated min-
eral formulae were normalized by stoichiometry. 

In-situ trace element analyses of individual garnet grains 
were obtained using a UP213 nm laser ablation system coupled 
to a Thermo-Finnigan Element 2 sector field high-resolution 
ICP-MS. The NIST SRM 612 international glass standard was 
used for external calibration and 43Ca ion signal intensities 
were employed as the internal standard to monitor instrumental 
drift. The content of CaO (wt.%) was obtained using EMPA.  

 

Carbonatite Silicate rock Anorthosite GneissFenite

0 1 500 m

N

Sample location

 

Figure 1. Detailed geological map of the Oka carbonatite complex (after Chen and Simonetti, 2013; Gold, 1972). 
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Figure 2. Petrographic images of samples investigated. (a) Zoned garnet from Oka21; (b) matrix garnet from Oka21; (c) huge oscillatory zoned garnet crystal 

from Oka31; (d) clinopyroxene from Oka31; Cpx. clinopyroxene, Mel. melanite, Ap. apatite, Cal. calcite, Nep. nepheline. 

 
The standard and sample grains were ablated using a 25–100 
μm spot size, 4–5 Hz repetition rate, and an energy density of 
~10–12 J/cm2. Analyses were conducted in a He atmosphere 
(0.7 to 1.0 L/min) within the ablation cell, and mixed with Ar 
(0.6 to 1.0 L/min) prior to entering the torch assembly. A typi-
cal analysis consisted of a ~60 s background measurement fol-
lowed by data acquisition and ablation for ~60 s using a rapid 
peak jumping and dwell time of 8 ms for each element reported. 
Data reduction, including concentration determinations, method 
detection limits, and internal uncertainties were obtained using 
the GLITTER laser ablation data reduction software (van 
Achterbergh et al., 2001). 
 
3  RESULTS 
3.1  Garnet Mineral Chemistry 

Garnet occurs as granular crystals in calcitic ijolite at Oka, 
with grain size range between 5 mm and 1.5 cm. Group I garnet 
within Oka21 show distinct zonation with color differences (i.e., 
light to dark brown; Fig. 2a). The oscillatory zoned Group III 
garnet demonstrates the light-golden-dark brown color band 
(Fig. 2c). Differences in color have been attributed to the varia-
tion of Ti contents in garnet, i.e., the dark zones are character-
ized by higher Ti abundances as suggested by Dingwell and 
Brearley (1985). This conclusion is further confirmed in this 
study since major element compositions reported here indicate 
that the dark-brown cores consist of higher TiO2 contents (~4.8 
wt.%) compared to those for the light-brown rims in Group I 
garnet (~2.8 wt.%; Fig. 2a; Table 1). It is also worthwhile to 
note that the rim of Group I garnet typically hosts abundant 

mineral inclusions (i.e., apatite, calcite, clinopyroxene, 
nepheline, and magnetite) and tiny multi-phase inclusions (10–
20 μm; Figs. 2a, 2c). 

The garnet formulae were normalized to 12 oxygens and 8 
cations as shown in Table 1. The data demonstrate that Fe, Al, 
Si and Ti contents are varied, and the garnets contain varied 
contents of different end-members within the garnet group (i.e., 
andradite, grosullar, pyrope and spessartite; Locock, 2008; 
Table 1; Fig. 3). The andradite component (59.8%–73.0%) is 
the most dominant end-member for the analyzed garnet,  

  

Grossular

Spessartine+pyrope

Andradite

Group I cores
Group I rims
Group II
Group III

 

Figure 3. Compositional range of garnets in the andradite-grossular-

spessartine+pyrope plot. 
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whereas they contain low MgO and MnO contents and consis-
tent with small proportions of pyrope (1.5%–2.9%) and spes-
sartite (1.8%–2.5%; Table 1; Fig. 3). The grossular component 
varies between 7% and 21% in the analyzed garnet (Table 1; 
Fig. 3). In addition, these garnets are characterized by high TiO2 
contents (2.12 wt.%–4.81 wt.%), which is consistent with that 
found in melanite and schorlomite depending on whether Fe3+ or 
Ti dominates in the octahedral site (e.g., Chakhmouradian and 
McCammon, 2005; Deer et al., 1982). Since their TiO2 composi-
tions are <15 wt.%, garnet within calcitic ijolite is designated as 
melanite (Table 1; Saha et al., 2011; Deer et al., 1982). 

The stoichiometry and site assignment of cations in 
melanite garnet remain a problem due to the uncertainty of Fe, 
Al and Ti substitutions in the tetrahedral site within the crystal 
structure (e.g., Chakhmouradian and McCammon, 2005; Dun-
worth and Bell, 2003; Armbruster et al., 1998; Locock et al., 
1995; Dingwell and Brearly, 1985; Huggins et al., 1977a, b). 
The spectroscopic data indicate that the cation preference in the 
tetrahedral site within melanite garnet to be Al≥Fe3+>Ti (e.g., 
Chakhmouradian and McCammon, 2005; Locock et al., 1995; 
Huggins et al., 1977a), whereas Huggins et al. (1977b) and 
Armbruster et al. (1998) stated that the Ti-Si exchange can be 
the predominant manner in which Ti is introduced into the gar-
net structure. Figure 4c shows a good negative correlation be-
tween SiO2 and TiO2 contents for the Oka melanite together 
with the worldwide magmatic Ti-garnets (R2=0.95). These 
include melanite from the Crowsnest volcanic rocks (Dingwell 
and Brearley, 1985), the Amba Dongar carbonatite-alkalic 
complex (Gwalani et al., 2000), the Rugged Mountain (Russell 
et al., 1999), the Alnö complex (Vuorinen et al., 2005), and the 
Ti-garnets from the active Oldoinyo Lengainatro carbonatite 
volcano (Dawson, 1998; Dawson et al., 1995). The negative 
linear correlation between Ti and Si supports Ti substitution 
within the tetrahedral site as the predominant manner. There-
fore, for this study, all Ti has been assigned into the tetrahedral 
site for the stoichiometry calculations. Figures 4a and 4b dem-
onstrate the chemical compositions for melanite from Oka and 
these are compared to those from other alkaline complexes, 
which indicates that the former contains the lowest TiO2 but the 
highest Al2O3 contents. 

Relatively similar trace element patterns have been identi-
fied for all of the melanite grains investigated here (Fig. 5; 
Table 2). They show different degrees of REE enrichment (e.g., 
~1 200 ppm to ~1 900 ppm). In general, Group I cores show the 
highest enrichment of REEs compared to the remaining garnets 
(Fig. 5; Table 2). The chondrite normalized REE patterns are 
upward convex and peak at Nd and Sm. The slope of the trends 
from Sm to HREEs (heavy REEs) is relatively flat, whereas a 
steeper slope is observed for the LREEs (light REEs) from Nd 
to La (Fig. 5a). Similar REE distribution patterns have been 
documented in garnet within melteigite, ijolite, and nepheline 
syenite from Alnö Island (Sweden; Vuorinen et al., 2005), cli-
nopyroxenite and ijolite from the Sung Valley alkaline complex 
(northeastern India; Melluso et al., 2010), and plutonic rocks of 
the Eocene Tamazeght complex (Morocco; Marks et al., 2008), 
though different degrees in the REE enrichment are noted (Fig. 
5a). Trace element plots indicate higher contents of Zr and Ta 
and depletions of LREEs, Hf, Ti, and Nb (Fig. 5b). The  
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Figure 4. Major element variation plots for garnet from groups I, II and III. (a) 

TiO2 vs. Fe2O3; (b) Al2O3 vs. Fe2O3; (c) TiO2 vs. SiO2. The chemical data of Ti-

rich garnets from worldwide alkaline complex are referred to Maitra et al., 2011; 
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Worldwide alkaline complex; OL. Oldoinyo Lengai. 
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behavior of U is more complicated, which indicates a trivial 
enrichment in some garnet grains (groups II and III) relative to 
the Group I garnet (Fig. 5b). 
 
3.2  Zoning Profiles 

Based on optical and compositional properties, Group I 
garnet within Oka21 consists of two zones with sharp disconti-
nuity; an inner dark-brown core surrounded by a golden-brown 
rim (e.g., Fig. 2a). Group III garnet from Oka31 shows fine-
scale oscillatory zonation with weak color differences (e.g., Fig. 
2c). Two representative grains from both groups have been 
investigated in detail (i.e., core-to-rim variations) and the ele-
mental abundances are shown in Fig. 6. 

The compositional variation range for Group I is the larg-
est amongst the analyzed garnet grains. As shown in the major 
and trace element composition traverse plots (Fig. 6), both TiO2 
and MgO contents of the garnet decrease from core to rim. In 
contrast, the abundances of other major elements such as Fe, Si, 
and Mn increase from core to rim. This is consistent with the 
coupled substitutions of Ti-Si and Mg-Mn in the tetrahedral 
and octahedral sites, respectively (e.g., Fig. 4c). As for the trace 

element variations within the zoned garnet, Group I shows 
depletion of HFSEs (e.g., Hf, Zr) and HREEs in the light-
brown rim relative to the core. Moreover, the ratios of La/Lu and 
Th/U are low in the rim as well (Fig. 6). The chemical variation in 
Group III is not as prevalent as that recorded in Group I garnet. 
However, no distinct chemical trends could be identified that 
match the oscillatory patterns for Group III garnet shown in Fig. 2. 

Of note, the chemical compositions of Group II and the 
oscillatory zoned Group III garnets are similar to the rim com-
positions with Ti depletion for Group I garnet (Tables 1, 2; Fig. 
7). In addition, these Ti-depleted garnets contain low abun-
dances of other HFSEs (e.g., Zr, Hf, Nb, Ta), HREEs compared 
to the dark-brown core from Group I (Figs. 7 & 8c). The posi-
tive correlations between Ti and other HFSEs suggest similar 
geochemical behavior in the garnet formation processes (Fig. 7). 

 
4  DISCUSSION 
4.1  Trace Element Distribution 

The chemical composition results obtained here for melanite 
indicate REE enrichment (~1 300 ppm to 1 900 ppm). Compared 
to other rock forming minerals within the calcitic ijolite (e.g.,  

 
Table 3  Trace element distributions among major mineral phases from Oka21 and Oka31 

 Th U Th/U Zr Hf Zr/Hf LREE LREE% MREE MREE% HREE HREE% (La/Gd)N (La/Lu)N

Ap 21 956 48.6 19.7    21 804 74.21 560 11.93 22 1.9 33.04 796.44 

Ap 31 1 071 55.5 19.3    21 686 71.2 652 12.59 22 1.88 28.24 783.71 

Cc 21       720 2.45 13 0.28 1 0.05 73.32  

Cc 31       792 5.2 15 0.58 1 0.13 58.71 627.04 

Cpx 21    147.6 1 152.3 91 1.86 7 0.86 1 0.41 8.14 17.61 

Cpx 31    129.9 0.7 173.5 95 1.56 6 0.54 1 0.39 11.85 16.45 

Mel 21 28.7 15.5 1.9 1 907.2 10.9 175.7 965 19.71 677 86.45 193 98.3 0.18 0.4 

Mel 31 22.2 10.9 2 1 220.3 5.5 220.7 814 21.39 555 85.71 142 97.99 0.17 0.44 

Nep 21 0.6 0.2 3    87 1.78 5 0.6 0 0.16 14.66 188.03 

Nep 31 0.6 0.2 3    52 0.17 6 0.12 1 0.08   

WR 21 56.6 7.1 7.9 616.5 3.5 173.8 1 469  235  59  3.74 9.28 

WR 31 62.6 7.2 8.7 520.6 2.4 218.1 1 523  259  58  3.27 8.97 

Note: Concentrations are presented in ppm; the whole-rock data are calculated based on mineral mol% in Chen and Simonetti, 2013.	
 

 

Figure 5. Chondrite normalized REE distribution patterns (a) and primitive mantle (PM) normalized trace elements distribution patterns (b) for garnets from groups I, II 

and III. Chondrite values are referred to McDonough and Sun, 1995, and primitive mantle values are referred to Sun and McDonough, 1989. In REE distribution plots, 

patterns for Ti-garnets from Sung Valley (grey; Melluso et al., 2010) and Alno Island (blue; Vuorinen et al., 2005) are presented as a comparison. 
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Figure 6. Compositional profiles for zoned garnets from Oka21 and Oka31. 

 

calcite, apatite, nepheline and clinopyroxene; Chen and Simonetti, 
2013; Table 3), garnet contains higher abundances of MREEs 
(middle REEs) and HREEs and is relatively depleted in LREEs 
(e.g., (La/Gd)N=~0.17; (La/Lu)N= ~0.40; Table 3). Of note, the 
HREEs are especially enriched with more than 100 times chon-
drite values (Fig. 5a). Based on the modal distribution and REE 
contents of the rock-forming minerals (e.g., garnet, clinopyrox-
ene, calcite and apatite), REE distributions for these minerals 
from calcitic ijolite are presented in Table 3. The results sug-
gest that melanite garnet accounts for 98% HREEs, 85% 
MREEs, and 20% LREEs of the calcitic ijolite whole rock (Ta-
ble 3). Thus, melanite fractionation can significantly decrease 
the calcitic ijolite whole-rock HREE as well as MREE abun-
dances, and affect the REE distributions in the co-crystallized 
or later-formed mineral phases (e.g., clinopyroxene, calcite, 

apatite, and nepheline). For instance, as shown in Chen and 
Simonetti (2013), apatite from calcitic ijolite is characterized 
by the highest (La/Yb)N ratio compared to other rock types (e.g., 
carbonatite, okaite) at Oka. 

Moreover, melanite contains high abundances of HFSEs 
(e.g., Zr, Hf, Th, U), and it is one of the major minerals that 
dominate the HFSE budget of the whole rock. For example, 
melanite contains the highest amounts of Zr (1 071 ppm– 2 586 
ppm) and Hf (4.5 ppm–14.4 ppm; Table 2); the latter are ~10 
times higher compared to those in clinopyroxene, which is the 
other potential HFSE host within calcitic ijolite (Table 3). Thus, 
melanite is the predominant mineral controlling the Zr/Hf ratio 
(budget) for calcitic ijolite. Significantly higher Zr/Hf ratios are 
observed for groups II and III garnet relative to Group I garnet 
(Fig. 8a), which may imply crystallization from two different  
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magmas with distinct Zr/Hf compositions. This is not consis-
tent with a simple either slow fractional crystallization in a 
magma chamber under high pressure and temperature or fast 
fractional crystallization during eruption or at shallow depth. 
Similar variation trends could have been identified for Nb/Ta 
(Fig. 8c), whereas Group II garnet are characterized by higher 
Nb/Ta ratios compared to the remaining. The Th and U abun-
dances for Oka melanite are between 15.6 ppm–40.5 ppm and 
9.9 ppm–21.5 ppm, respectively, and the Th/U ratio ranges 
from 1.1 to 2.5 (Table 3). As shown in Fig. 8b, Group I garnet 
rim and Group II garnet show lower Th/U ratios compared to 
those for Group I garnet core and Group III. Of note, apatite is 
the mineral within calcitic ijolite that contains the highest Th 
(956 ppm–1 071 ppm) and U (48.6 ppm–55.5 ppm) contents 
(Table 3). It consists of much higher Th/U ratios (19.3–19.7; 
Table 3) compared to that for melanite. Thus, apatite is the 
dominant mineral that fractionates Th/U ratio in the calcitic 
ijolite magma, i.e., fractionation of apatite will significantly 
decrease the Th/U of the residual melt. Hence, the crystalliza-
tion of apatite, as demonstrated by its presence as inclusions 
within the Group I garnet rims, may contribute to the lower 
Th/U ratios compared to Group I garnet cores. Alternatively, it 
is possible that these two distinct chemical garnet groups crys-
tallized from two different magmas. In addition, higher Th/U 
ratios have been observed for Group III compared to Group II 
and Group I rim garnets, which suggests generation from dis-
tinct magmas with different Th/U ratios. Group I rim garnets 
contain lower (La/Lu)N ratios compared to those for the core 
(Fig. 8d), whereas the ratios should increase from core to rim in 
a simple fractional crystallizaiton process as garnet serves as 
the dominant mineral that fractionates the HREEs (Table 3; 
Marks et al., 2008). Hence, it is consistent with open system 
behavior involving more than one parental magma sources. 
 
4.2  Petrogenetic History for Calcitic Ijolite  

Group I garnet shows the most distinct chemical zonation, 
which reflects a chemical transition between core and rim. The 
decrease of TiO2 contents from core-to-rim is similar to those 
observed in alkaline complexes elsewhere (e.g., Melluso et al., 
1996; Barbiebi et al., 1987). The distinct compositions between 
rim and core are reflected in both major (e.g., Ti, Si, Fe, Mg), 
trace element (e.g., REEs, Zr, Hf, U) abundances and elemental 
ratios (e.g., Th/U, La/Lu). This distinct chemical and petro-
graphic zoning cannot be simply interpreted as the result of a 
closed system crystallization, but most likely involves multi-
pulse magma mixing. Melt differentiation involving continuous 
fractional crystallization cannot produce the abrupt changes in 
major and trace element abundances as shown by the core-to-
rim grain traverses (Fig. 6). The dark colored inner Group I 
garnet cores show distinct petrographic and mineralogical fea-
tures compared to Group I rim and groups II and III garnets 
(Fig. 2), which further supports mixing with a new batch of 
magma. In addition, complicated trace element variation trend 
have been observed for these garnets (Fig. 8), e.g., groups II 
and III garnets are characterized by distinct Zr/Hf and Nb/Ta 
ratios that indicates crystallization from a different magma 
source. Group III garnet with fine oscillatory zonation shows 
limited chemical variations compared to that of Group I, and no 

trends are recorded for the zoned garnet, which might have 
resulted from a period of fluctuating P-T-fO2 similar to the os-
cillatory zonation observed within crystal I garnet from Amba 
Dongar (Gwalani et al., 2000; Ivanova et al., 1998), or possibly 
have been formed by continuous fractional crystallization (An-
tao et al., 2015). 

The absence of mineral inclusions in the Group I core 
suggests an earlier crystallization event prior to that for the 
other rock-forming minerals (e.g., clinopyroxene, calcite, 
nepheline, and apatite). The remaining minerals are commonly 
included within Group I melanite rim, whereas melanite has 
been identified as inclusions within clinopyroxene. This indi-
cates the co-crystallization of melanite rim and clinopyroxene 
and possibly nepheline, calcite, and apatite as well. Melanite 
can form over a wide range of temperature and pressure in 
alkaline rocks, and possibly reflects late-stage metasomatic 
reactions of earlier formed mafic minerals with fluids (e.g., 
Saha et al., 2011; Flohr and Ross, 1989). The late-stage me-
tasomatic phases commonly observed in ijolite and associated 
alkaline rocks include cancrinite, natrolite, calcite, biotite, so-
dicpyroxnenes, K-feldspar and fluoro-hydrogradite (Flohr and 
Ross, 1989; Le Bas, 1977), which are rarely observed in the 
Oka calcitic ijolite. Nepheline in the matrix of calcitic ijolite is 
altered into cancrinite. However, other secondery minerals 
formed as the result of reaction between magmatic phases and 
metasomatic fluids such as natrolite, biotite, sodic pyroxenes. 
K-feldspar have not been observed in the ijolites. These 
melanites investigated for Oka are associated with mostly rock-
forming magmatic minerals (i.e., apatite, magnetite, nepheline, 
diopside and calcite). Hence, late-stage metasomatism does not 
play a key role in the formation of the melanite.  

Apatite included within Group III garnet yielded a distinct 
older U-Pb age (127±3.6 Ma) compared to apatite within the 
matrix (115±5.1 Ma; Chen and Simonetti, 2013); this implies 
that apatite, calcite, clinopyroxene, and nepheline continued 
crystallizing during the later stages of the complex’s forma-
tional history. Overall, the crystallization sequence of the min-
eral phases within calcitic ijolite can be summarized as follows: 
(1) the first generation of Group I garnet core, either crystalli-
zation from the parental magma or cumulates from a different 
magma; (2) garnet within Group I rim and groups II & III crys-
tallized from the more evolved magma together with the crys-
tallization of some clinopyroxene, apatite, calcite, and 
nepheline; (3) calcite, nepheline, pyroxene, and apatite continue 
crystallizing to the late stage, which is coincident with the ma-
jor pulse of the carbonatite formation at Oka (~114 Ma; Chen 
and Simonetti, 2014, 2013). 

Magma mixing is commonly proposed to explain the non-
equilibrium textures in alkaline magmatic rocks (i.e., chemical 
zonation and non-equilibrium mineral assemblage; Vuorinen et 
al., 2005; Gwalani et al., 2000; Simonetti et al., 1996; Simonetti 
and Bell, 1995, 1993; Sparks et al., 1977). At Oka, the extreme 
chemical variations documented by calcite, apatite, perovskite 
and pyrochlore as well as the complex zonation recorded by 
these minerals suggest open-system behavior and can be best 
explained by periodic generation of small volume melts and sub-
sequent magma mixing (Chen and Simonetti, 2014, 2013; Chen 
et al., 2013; Zurevinski and Mitchell, 2004). The two perovskite 
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groups with different Nb abundances document distinct chemical, 
geochronological and isotopic information, which indicates that 
the Nb-E perovskite formed from an enriched melt produced at 
~135 Ma and the Nb-D perovskite generated later at ~114 Ma 
from a less-enriched magma (Chen and Simonetti, 2014). The 
zoned garnet as discussed above indicates that the Group I core 
formed early from a melt characterized by low Si and high Ti 
activities, which mixed with a more depleted melt that generated 
Group I rim and groups II and III garnets (e.g., depleted in Ti, 
REEs, HFSEs). Some early-occurred apatite, pyroxene, 
nepheline, and calcite crystallized with the second generation of 
these garnets as evidenced by the co-mingled inclusions within 
each other. The corresponding age of the more evolved melt is 
recorded by apatite included in Group III at 127±3.6 Ma (Chen 
and Simonetti, 2013). Of note, the rest apatite in the calcitic 
ijolite matrix surrounded by calcite, nepheline, and pyroxene 
recorded a younger age at 115±5.1 Ma (Chen and Simonetti, 
2013). The latter is coincident with the late stage crystallization 
of calcite, apatite, pyroxene, and nepheline from an even more 
evolved melt with increasing enrichment in CO2 (Chen and Si-
monetti, 2014). 
 
5  CONCLUSION 

Multi-stage crystallization has been recorded in melanite 
from calcitic ijolite based on their petrographic and chemical 
signatures. The melt that generated Group I garnet cores was 
later mixed with at least two small-volume, more evolved melts. 
One formed the remaining garnet with early-formed pyroxene, 
calcite, nepheline, and apatite at 127±3.6 Ma. The more 
evolved melt crystallized the majority of pyroxene, calcite, 
nepheline, and apatite at 115±3.1 Ma. Hence, generation of 
calcitic ijolite at Oka resulted from at least three distinct pluses 
of magma and subsequent mixing, as recorded by the chemical 
and petrographic evidences exhibited by melanite garnet.  
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