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ABSTRACT: Using marble samples from the Nikani Ghar marble and Nowshera Formation from
Northern Pakistan the determination of the temperature of metamorphism was undertaken with the

help of calcite-dolomite solvus geothermometer. Two types of marbles, that is, calcite-dolomite marble

and quartz-bearing calcite-dolomite marble were selected. Petrographic and scanning electron micro-

scope analysis of dolomite samples indicated different grain sizes. X-ray diffraction technique indicated
the calcites MgCO; content up to 7.93 mol.%. Nikani Ghar marble samples have shown lower contents
of MgCQj; as compared to samples from Nowshera Formation. The calcite-dolomite-quartz marble has
also showed relatively lower MgCO; content and hence rather low temperature (~500 °C). The tem-
perature reached during peak metamorphism of the investigated marble occurrence, based on calcite-
dolomite solvus was 628 °C. Metamorphic temperatures derived from the present study were shown as
a linear graph and values were in good agreement with the published literature.

KEY WORDS: calcite, dolomite, metamorphic temperature, geothermometer, X-ray diffraction.

0 INTRODUCTION

Determining peak metamorphic temperature of low grade
rocks has always been a challenge. X-ray diffraction (XRD) is
an established technique for the determination of constituent
phases in solid-solution series. Differences in ionic sizes be-
tween substitute and host cations lead to systematic variations in
unit-cell parameters and inter-planar spacings that can be meas-
ured using XRD. This approach has been widely used in analyz-
ing rhombohedral Ca-Mg carbonates, for example, the composi-
tion of biogenic and inorganic (Ca, Mg)COs crystals are often
calculated by comparing the difference in dyo4 value with the
published determinative curves (Zhang et al., 2010; Raz et al.,
2000; Falini et al., 1996; Bischoff et al., 1983; Milliman et al.,
1971). At least five empirical curves are currently known in the
literature (Bischoff et al,, 1983; Milliman et al., 1971;
Goldsmith et al., 1961, 1955; Goldsmith and Graf, 1958; Chave,
1952). Determinative curves based on synthetic magnesian
calcite crystals are probably the most widely used (Milliman et
al., 1971; Goldsmith et al., 1961; Goldsmith and Graf, 1958).

Owing to the abundance of calcite and dolomite in the
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Earth’s crust, knowledge of their limits of stability can be used
to assess the conditions of temperature prevailing during their
formation and subsequent metamorphism. The calcite-dolomite
solvus in the system CaCO;-MgCO; was first investigated by
Graf and Goldsmith (1955) and Harker and Tuttle (1955). They
recognized that the temperature dependence of the amount of
MgCO; in calcite in equilibrium with dolomite is potentially a
precise method of estimating metamorphic temperatures. Graf
and Goldsmith (1958, 1955) and Goldsmith et al., (1955) used
XRD to determine the MgCO; content in natural and synthetic
samples to establish phase relationships in the CaO-MgO-CO,
system from the concentration of 0 to 15 mol.% of MgCOs.
Later on, calcite-dolomite thermometry has been widely used
(e.g., Wada and Suzuki, 1983; Bowman and Essene, 1982; Iii
et al., 1982; Nesbitt and Essene, 1982; Ralph and Diane, 1980;
Rice, 1977; Suzuki, 1977; Puhan, 1976; Hatcher et al., 1973;
Hutcheon and Moore, 1973; Sobol, 1973).

Talantsev (1978, 1976), Bickle and Powell (1977), and
Barron (1974) evaluated the effect of FeCO; on calcite-
dolomite thermometry and reported that its effect is negligible
at concentrations <1 mol.%. Bickle and Powell (1977) reported
that the metamorphic temperature of coexisting calcite-
dolomite samples from the Glockner area of the Tauern Win-
dow, Austria ranged from 410 to 490 °C. The solvus tempera-
ture determined from XRD data for Grenville calcite ranged
from 415 to 485 °C (Sheppard, 1966). Hoy (1970) estimated a
temperature of 600 °C by using the calcite from brucite marble.
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Puhan (1976) determined the metamorphic temperature of
marble samples from the Damara Orogen, Southwest Africa
and reported 620 °C temperature based on dolomite-calcite
geothermometer.

Goldsmith and Newton (1969) calculated the pressure ef-
fect on the solubility of MgCO; in calcite by a regular solution
theory. They reported that the effect of total pressure on the
solubility of MgCO; in the calcite structure was about 0.12
mol.% per kb at temperatures ranging from 500 to 800 °C.
They applied calcite-dolomite geothermometer for metamor-
phic temperature evaluation, based on the solubility of magne-
sium in calcite in the calcite+dolomite assemblage, which has
been shown to be more sensitive to temperature than pressure.

In this work the coexisting calcite-dolomite marbles from
Nikani Ghar marble and Nowshera Formation (northern Pakis-
tan) were thoroughly investigated for the first time for deter-
mination of temperature of metamorphism using the magnesian
calcite geothermometer. Temperatures were evaluated by ap-
plying the calcite-dolomite geothermometer (Goldsmith and
Newton, 1969), based on the solubility of magnesium in calcite
in the calcite+dolomite assemblage. The magnesium content of
calcite coexisting with dolomite (expressed as mol.% MgCOs3)
was estimated by both XRD and electron microprobe (EMPA)

operating in the energy dispersive (EDS) mode and the stoichi-
ometric composition of CaCOs was determined.

1 MATERIALS AND METHODS
1.1 Study Region

The variety of metamorphic rocks in Himalayas is as-
tounding. Accordingly, there is no dearth of scientific literature
on deciphering the metamorphic history of these rocks. In gen-
eral, the northern Pakistan is home to medium and high-grade
metamorphic rocks; however, the Sub-Lesser Himalayas (i.e.,
Himalayan hinterland) exhibit a huge swath of low grade me-
tamorphic rocks. The Peshawar Basin is part of the Lesser
Himalayas. The study area lies between the foreland of the
main mantle thrust (MMT) and hinterland of the main boun-
dary thrust (MBT) and hence defining the Peshawar Basin. The
MMT, in general, defines the northern margin of the Indian
plate in Pakistan (DiPietro et al., 2000) and is consequently
deformed extensively (Fig. 1). The deformation style is a com-
bination of folding, foreland-directed thrusting and regional
metamorphism (Pogue et al., 1992; DiPietro and Lawrence,
1991; Lawrence et al., 1985; Rosenberg, 1985). The MBT is a
regional thrust that separates pre- and post-Himalayan rocks.
The rocks of Jurassic Nikani Ghar marble have been found to
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Figure 1. Tectonic map of Pakistan (modified from Kazmi and Rana, 1982), showing location of the study area within the tectonic domain of Pakistan.
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undergo multiple deformations with at least four periods of
folding during a single Paleogene metamorphism (DiPietro and
Lawrence, 1991). These rocks are generally fine to medium-
grained with occasional coarse-grain varieties at places, domi-
nantly composed of calcite with minor ore, quartz and traces of
dolomitized grains.

The grains are subhedral to anhedral. Ahmed (1986) re-
ported that the amphibolites exposed in the area were igneou-
sin nature indicating that the area was ‘thermally’ disturbed
during and after regional metamorphism. An igneous injection
tends to follow a path of mechanically weak zone, e.g., frac-
tures and bedding planes. The process of injection in itself
creates further mechanical instabilities like fractures, cracks
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and localized ‘baking’ effects. In this area granite magmatism
is common. The MBT was mainly responsible for exposing the
oldest Paleozoic rocks (e.g., Nowshera Formation) on the
southern margin of the Peshawar Basin. The Nowshera Forma-
tion is mainly composed of recrystallized impure limestone and
dolomite with subordinate phyllite, crinoidal limestone and
quartzite in the southern part (Nowshera) of Peshawar Basin
and has calcite and dolomitic marble in its northern exposures
(i.e., near Swabi). It is equigranular, compact and hard. The
bedding is medium to thick and massive. The deposits are not
extensive and appear in isolated small outcrops. The marble
contains various calcite filled veins, veinlet’s and cavities.
Yellowish to dark brown coatings and patches of ferruginous
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Figure 2. Geological map of the study area extracted (modified and redrawn from Hussain et al., 2004).

Table 1 Location and description of specimens

Sample Description Collection location GPS data
Latitude (’N)  Longitude (°E)  Altitude (m)

BN-13 Calcite-dolomite marble Nikani Ghar marble (Buner District) 34.5017 72.2879 790+26
BN-24 Calcite-dolomite marble 34.494 6 72.2622 813437
BN-35 Calcite-dolomite marble 34.494 6 72.2622 813437
BN-46 Calcite-dolomite marble 34.494 6 72.2622 813437
NW-511 Calcite-dolomite marble Nowshera Formation (Nowshera District) ~ 34.029 4 71.998 1 262422
NW-612 Calcite-dolomite marble 34.029 4 71.998 1 262422
NW-714  Calcite-dolomite-quartz marble 34.0149 72.030 8 282420
NW-815  Calcite-dolomite-quartz marble 34.0151 72.028 5 307+15
SW-919 Calcite-dolomite marble Nowshera Formation (Swabi District) 342139 72.418 1 345+45
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material are also found along these fillings. The marble also
contains fossil remains, which gives the polished surface a very
attractive appearance.

The present study targets three major areas (i.e., Nowshera,
Swabi and Buner districts, Pakistan) for Nikani Ghar marble
and Nowshera Formation that rim the Peshawar Basin (Fig. 2).
A total of 9 samples were collected from these formations
(marked with sample numbers in Fig. 2) and location of the
investigated specimens are given in Table 1. The samples are
classified on the basis of collection area and their mineralogi-
calcomposition. In this study two types of marbles were se-
lected: calcite-dolomite marble and quartz-bearing calcite-
dolomite marble. Calcite-dolomite marble is classified as a
distinct unit because of the predominant calcite and dolomite
phases. The dolomite grain size varies from sample to sample.
Quartz-bearing calcite-dolomite marble is named because of
the presence of quartz in substantial amount. Calcite is the
major mineral and is generally medium to coarse grained
(>400 pm). Dolomite occurs in minor amounts.

1.2 Characterization Methods

A Zeiss-Axioplan-1 polarizing photomicroscope with a
Canon A630 digital camera was used for petrographic analysis.
XRD was used to determine the MgCOj; content in calcite as it
has been reported as the most accurate method for the determi-
nation of MgCOj; content in magnesian calcite (Goldsmith and
Newton 1969). It is often difficult to determine the composi-
tion of many run-products using electron microprobe (EMPA)
because of their fine-grained nature (Powell et al., 1984) while
inter-planar spacings (d-values) are sensitive to compositional
variations; therefore, to avoid erroneous results e.g., in the case
of coherent submicroscopic intergrowths, XRD was used. For
XRD, marble samples were powdered using a mortar and pes-
tle system and back-filled into glass sample-holders or evenly
spread over the surface of a glass slide using a small amount of
acetone. After drying, the samples were inserted into the X-ray
diffractometer.

A Bruker AXS advanced D8 discover XRD, operating at
40 kV power and 40 mA current, with Cu ka radiations (A~1.54
A) was used at the Department of Earth Sciences, University of
Cambridge (UK). The samples were scanned from 26=5° to 90°,
at 0.3°min with a step size of 0.02°. A Cameca SX-100 electron
microprobe operated at 15 kV and 10 nA with a time constant
of 5 s (University of Cambridge, UK) was used for the determi-
nation of core composition of the rock. The Rietveld refinement
method was used for the determination of unit cell parameters
of coexisting calcite-dolomite crystals.

The magnesium-content embedded within calcite was
used in the determination of its metamorphic temperature and
as mentioned earlier, XRD is the most accurate method for the
determination of MgCO; content in magnesian calcite
(Goldsmith and Newton, 1969). The relationship between the
MgCOj; content of calcite and its d-spacings has been reported
by Goldsmith et al., (1955). The d,o4 values determined by
XRD for calcite were converted into MgCO; mol.%. The Riet-
veld method employs the entire powder diffraction pattern,
thereby overcoming the problem of peak overlap. In this me-
thod, each data point (26-step) is considered as an observation,

which thus allows the maximum amount of information to be
extracted from the pattern. During the refinement procedure,
structural parameters, background coefficients, and profile
parameters are varied in a least-squares procedure until the
calculated powder profile, based on the structure model, best
matches the observed pattern (Rietveld, 1969, 1967). The Gen-
eral Structure Analysis System (GSAS) program with EXPGUI,
a graphical user interface for GSAS was used for the Rietveld
refinement analyses (Toby, 2001; Larson and Dreele, 1994).
Chemical analysis was performed by X-ray fluorescence spec-
troscopy (XRF). Scanning electron microscopy (SEM) obser-
vation was performed on 4x4x4 mm’ samples which were
polished and gold coated before using in a JEOL JSM 5910
SEM at the Centralized Resource Laboratory, University of
Peshawar (Pakistan).

2 RESULTS AND DISCUSSIONS

The dolomite marble specimens contained 2.5 mol.% to
7.93 mol.% MgCO; (Table 2). From the composition point of
view, Nikani Ghar marble samples (except sample BN-35,
Table 2) contained lower amounts of MgCO; than the samples
from Nowshera Formation (except samples NW-714 and NW-
815). The observed variation in MgCOj3 content may be due to
the variation in the mineralogy of the samples because the
mineral assemblages were different at different locations.
Samples from Nikani Ghar marble were composed mainly of
calcite, dolomite (XRD) and apatite, quartz or pyrite in some
specimens while samples from Nowshera Formation were
composed of iron-oxide, quartz, muscovite and pyrite in addi-
tion to carbonates. The samples NW-511 and NW-612 from
Nowshera Formation were mainly composed of calcite and
dolomite but contained the highest MgCO; content among the
tested calcites (Table 2). The calcite of quartz-bearing calcite-
dolomite marble (samples NW-714, NW-815) showed relative-
ly lower MgCOs; content (Table 2).

Thin-section optical microscopy (Figs. 3a, 4b) and SEM
(Figs. 4a, 4b) revealed the presence of two generations of do-
lomite.

(a) The generation corresponding to large dolomite crys-
tals (>140 um) with rhombohedral form, may be the primary
mineral.

(b) The second generation corresponding to calcite which

Table 2 The molar persetage [Ad)o4, X-ray diffractometer] of MgCOs,
and metamorphic temperature of investigated marble samples from
Nowshera Formation and Nikani Ghar marble calculated using
calibrations from Goldsmith and Newton (1969)

Sample Adios (A) MgCO3 (mol.%) T(°C)
BN-13 0.006 2.50 414
BN-24 0.015 5.20 546
BN-35 0.018 6.87 592
BN-46 0.009 3.50 460
NW-511 0.020 7.10 603
NW-612 0.022 7.93 628
NW-714 0.012 4.50 504
NW-815 0.012 4.50 504
SW-919 0.016 5.82 558
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Figure 4. SEIs of (a) NW-511 and (b) NW-612 samples showing presence of fine grained dolomite.

Table 3 XRF analysis of the investigated samples (wt.%)

Sample ID SiO, TiO, ALO; Fe, O3 MnO MgO

CaO Na20 Kzo P205 SO; SrO LOI

BN-13 0.189 0.000 0463 0.041 0.000 2.340
BN-24 0.902 0.000 0.706  0.085 0.000 2.789
BN-35 1.059 0.000 0.820 0.152 0.017 2.706
BN-46 0.068 0.000 0.252  0.050 0.000 17.685
NWs-11 0904 0.020 0943 0.091 0.059 9.688
NW-612  0.685 0.021 0.688 0.181 0.044 9.846
NW-714 1811 0.098 1289 0.197 0.000 1.040
NW-815  3.119 0.093 1.580 0.283 0.033 1.989
SW-919  2.524 0.057 1.171 0.156 0.039 17.08

51.183 3.395 0.000 0.000 0.000 0.000 42.39
48.479 4466 0.049 0.001 0.023 0.000 42.50
49.944 3.333 0.070 0.000 0.000 0.000 41.90
35934 0.312 0.000 0.000 0.000 0.000 45.70
41.515 2.619 0.064 0.003 0.000 0.017 44.92
44220 1.684 0.063 0.003 0.000 0.017 44.92
45.722 3.058 0276  0.000 0.000 0.000 30.21
50.680 1.474 0.409 0.001 0.000 0.000 40.34
34.599 0.026 0.167 0.000 0.000 0.000 43.88

dissolved magnesium during metamorphism with the maxi-
mum at the highest temperature (Table 2). Upon cooling, mag-
nesium exsolved from the calcite solid solution, thus “bleb-
like” dolomite is formed. These textures are noticed in samples

BN-46 and NW-815 (Figs. 3a, 3b). The calcite in such samples
contained low amounts of magnesium in its structure; therefore,
the temperature determination could give a low value. The
small Fe peak in the EDS spectrum (Fig. 4) may be because of
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the sub-microscopic exclusion of iron bearing lamellae. Con-
sistent with this result up to a maximum of up to 0.283 wt.%
iron oxide was observed in XRF analysis of the investigated
rocks (Table 3). Optical microscopy revealed less dolomite in
few samples (e.g., in BN-13, BN-24 and BN-35), insufficient
to be detected by XRD; however, the other magnesium-rich
calcite samples demonstrated a strong dolomite reflection.

Curves of mol.% MgCO; vs. temperature were estab-
lished by Goldsmith and Newton (1969), Graf and Goldsmith
(1958, 1955), and Harker and Tuttle (1955). Figure 5 shows
the temperatures derived from the present study and a compari-
son with the results reported by Goldsmith and Newton (1969).
The values were found to be in good agreement. The MgCO;
content calculated from XRD data was found to be ranging
from 2.50 mol.% to 7.93 mol.%. Consequently, the investi-
gated calcite-dolomite marbles indicated a metamorphic tem-
perature of formation ranging from 414 to 628 °C.

The observed variation in the metamorphic temperature
for BN-13, -24, -35, -46 may be due to the proximity to the
fault (Fig. 1). It was noticeable that phyllite was present in the
Nowshera Formation whereas the analyzed samples were from
the northern part of the Peshawar Basin whereas the Nowshera
Formation does not have any pelitic rocks. There are some
localities near the sampling sites where garnet has been re-
ported but it seems that this high temperature (500-628 °C) is
because of the large scale faulting and not burial effect.

The quartz-bearing calcite-dolomite marble generally
gave rather low temperature ~500 °C (Table 2). This is in close
range to the independently established peak metamorphism
temperature of 400 °C by conodonts colour index (Pogue et al.,
1992). These results are also presented in histogram form in
Fig. 6. With regard to the EMPA with EDS of the whole rock
sample, the resulting values of MgCOj; content were found to
be ranging from 0.10 mol.% to 2.23 mol.%, indicating the
metamorphism temperature to be lower than 400 °C. The
chemical analysis with the XRF and EPMA-EDS for MgCO;
(<2.23 mol.%) for the investigated samples (Table 4) were
consistently lower as compared to the present XRD findings
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Table 4 Core composition of the calcite grains characterized by maximum Mg-content in investigated

marble samples by EPMA-EDS from Nowshera Formation and Nikani Ghar marble

Sample BN-13 BN-24 BN-35 BN-46 NW-511 NW-612 NW-714 NW-815 SW-919
wt.% oxide

CaO 55.47 59.21 55.50 60.48 58.88 60.08 58.69 58.92 58.36
MgO 1.038 0.533 1.010 0.049 0.204 0.255 0.650 0.411 0.520
Sum 56.51 59.74 56.51 60.53 59.08 60.33 59.34 59.33 58.88
CO, 43.49 40.26 43.49 39.47 40.92 39.67 40.66 40.67 41.12
Total 100 100 100 100 100 100 100 100 100
No. of ions

Ca 1.867 1.976 1.888 1.996 1.989 1.987 1.967 1.980 1.974
Mg 0.133 0.024 0.112 0.004 0.011 0.013 0.033 0.020 0.026
Total 2 2 2 2 2 2 2 2 2
mol.%

CaCOs 97.84 98.74 97.67 99.80 99.47 99.38 98.44 99.01 98.74
MgCO; 2.10 1.163 2.230 0.100 0.450 0.810 1.460 0.890 1.170
Total 99.94 99.90 99.90 99.90 99.92 100.19 99.90 99.90 99.91
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(2.5-7.93) for MgCOs; (Table 2). This observation suggested
that the amount of exsolving dolomite may be different even
within the same sample. Furthermore, these differences in tem-
perature values may be a consequence of either thermal dise-
quilibrium at the peak of metamorphism or a more or less par-
tial re-equilibration of carbonates at lower temperatures during
the late stage of metamorphism.

Based on the investigation carried out on the selected

samples, curves of do4 values and lattice constants a, and ¢, vs.

MgCO; content in the coexisting calcite-dolomite were con-
structed (Figs. 7 and 8). The variation of d¢4 values and cell
parameters with the MgCOs content displayed a nearly linear
relationship comparable with the work reported by Goldsmith
et al. (1961), and Goldsmith and Graf (1958). The Rietveld
refinements showed good agreement between calculated dif-
fraction patterns and observed XRD patterns (Fig. 9). The dif-
ference between the refined d)o4 values and XRD patterns were
generally <0.002 A.
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Figure 9. A typical Rietveld refinement result of representative sample BN-
35. The purple colour curve at the bottom indicates residuals between the

measured and calculated patterns.

3 CONCLUSIONS

The present results indicate a rather wide range of tem-
peratures derived from Mg-calcite. All the investigated samples
contained both calcite and dolomite. The highest temperature
determined (Table 2), was 628 °C for the sample from Nowshe-
ra Formation (sample NW-612). Petrographic and SEM analys-
es of dolomite samples indicated different grain sizes. The
coarse grained fractions are believed to be primary dolomite
equilibrated with calcite during prograde metamorphism. The
magnesium substituted at maximum amounts when the highest
metamorphic temperature was reached. On cooling, dolomite
exsolved from calcite. This exsolved dolomite constitutes the
relatively finer grained fraction and appears as a “bleb-like”
texture. Nikani Ghar marble samples have shown lower con-
tents of MgCO; (except sample BN-35) as compared to sam-
ples from Nowshera Formation (except samples NW-714 and
NW-815). The quartz-bearing calcite-dolomite marble has also
showed relatively lower MgCOj; content and hence rather low
temperature (~500 °C). The metamorphism temperature of
calcite-dolomite marble ranges from 414 to 628 °C. Metamor-
phic temperatures derived from the present study (shown as a
linear graph and table) were in good agreement with those of
Goldsmith and Newton (1969). Based on the investigation
carried out on selected specimens, curves of djy4 values and
lattice constants @, and ¢, vs. the MgCOj; content in the coex-
isting calcite-dolomite were constructed. The Rietveld refine-
ments showed good agreement (within <0.002 A) between the
observed and calculated XRD patterns in terms of do4 values.
Metamorphic grade of rocks from the Peshawar Basin have
mostly been assessed by their tectonic position and/or mineral-
ogy. These results will provide an alternative view and estima-
tion.
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