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Estimation of P & T: Thermobarometry

A- Geothermometry

I- The petrogenetic grid approach:

This approach relies on calculating petrogenetic grids for specific chemical systems, determining the P-T locations of the different metamorphic reactions, and estimating the P-T stability fields of the various mineral assemblages in that system. This is then followed by comparing the mineral assemblage in the studied rocks with the calculated grid, and estimating the P-T range over which the mineral assemblage in this rock is stable (a method similar to our lab exercise on metapelites). 

The problems with this approach include: 

(1) the lack of some thermodynamic data for some minerals, 

(2) unknown relations between activities and compositions of some minerals, which leads to assuming ideal mixing which may in turn lead to large errors in the calculated grid 

(3) lack of sufficient information about the composition of the fluid phase, and whether the composition of that fluid changed over time during the metamorphic event

(4) insufficient knowledge of the composition of the fluid attending metamorphism (hence causing some shift and uncertainty about location of all dehydration reactions!).

The major advantage of the petrogenetic grid approach is that metamorphic reactions deduced through a careful examination of the textural relations between the various minerals can be compared with the reactions calculated and plotted on the grid, which in turn allows us to deduce the P-T evolution (known as P-T path) of the rock examined.

II- Geothermometers:

Geothermometers are reactions that can be used to calculate or estimate T. Conditions necessary for a good geothermometer include: 

(1) Steep slopes in P-T space (obtained through a large entropy of reaction (Sr) and a relatively small volume of reaction Vr. for those with some background in thermo!) 

(2) The reaction should have been experimentally reversed at conditions comparable to those under which the rock was metamorphosed. 

(3) The reaction should be "insensitive to variations in bulk rock chemistry". A good geothermometer is one that is applicable to a variety of rock types with different compositions. 

(4) The reaction should be resistant to resetting under retrograde conditions. If this condition is not fulfilled, then the temperature calculated will be significantly lower than the "peak" temperature, and will instead represent a "closure" temperature.

Types of geothermometers:

(1) Element exchange thermometers (e.g. Fe-Mg exchange between two ferromagnesian phases)

(2) O2 isotope geothermometers

(3) Solvus geothermometers

(4) Net transfer reactions

(5) Fluid inclusions

(6) Illite crystallinity

(7) Vitrinite reflectance

(8) Conodont colour index

Note that the last three methods on this list are not considered reliable geothermometers, but could be useful in estimating temperature changes in a metamorphic terrain.

1- Element exchange geothermometers:

Many element exchange reactions are useful for geothermometry because they are relatively insensitive to P. The most common of these involve the exchange of Fe and Mg between two ferromagnesian phases, but geothermometers based on the exchange of Fe and Mn have also been proposed. Whereas many exchange geothermometers have been well calibrated experimentally (by reversals), some are based on thermodynamic calculations or empirical observations. Table 1 lists some of the most commonly used exchange geothermometers, with the asterisk denoting those that were empirically calibrated. Following is a discussion of some of these geothermometers.


1- Olivine-Orthopyroxene-Spinel-Garnet: Fe-Mg exchange between any two of these four ferromagnesian phases can be used for geothermometry. Geothermometers with most of these pairs have been well calibrated experimentally. These geothermometers are applied to mantle rocks (e.g. mantle xenoliths, peridotites or garnet peridotites), or to other granulite or eclogite facies rocks that equilibrate at high temperatures. 


2- Garnet-Cordierite: useful for granulite (and to a lesser extent amphibolite) facies metapelites. However, extreme care must be taken not to utilize altered crystals (since garnet is commonly chloritized, whereas cordierite is pennitized).


3- Garnet-clinopyroxene: Is one of the most widely used, and well-calibrated geothermometers. Although there are many calibrations for this geothermometer, the most popular of which appears to be that of Ellis and Green (1979) (see Essene, 1982). It is useful for determination of the T of eclogites, garnet peridotites and granulite/upper amphibolite facies metabasites.


4- Garnet-biotite: Is another well-calibrated and widely used geothermometer applied to amphibolite facies metapelites. As with the Gt-Cpx geothermometer, this system was calibrated about 22 different times. The most popular calibration is that of Ferry and Spear (1979) (Fig. 1).

Precautions: 

1- An inherent assumption in the application of element exchange geothermometry is that the mineral pair equilibrated at peak T, and that the composition of both phases did not change during later processes (i.e. were "frozen in"). Therefore, if the mineral pair to be used for geothermometry exhibits disequilibrium textures, the geothermometer should not be used! 

2- The geothermometers should be applied to rocks expected to have been metamorphosed at conditions comparable or close to those at which the geothermometers were calibrated experimentally.

3- Most of the experimental calibrations were performed using pure end-members (e.g. almandine, pyrope, diopside, hedenbergite, ....etc.). However, natural minerals are complex solid solutions that commonly involve "other" components (e.g. grossular and spessartine components in garnet, Tschermakite in clinopyroxene, ...etc). Knowledge of the mole fraction "Xi" of the component of interest (e.g. almandine or pyrope in the case of garnet) is insufficient to determine the activity (effective concentration) of this component. It is therefore necessary to apply geothermometry to minerals that are as close as possible in composition to the minerals used in the experimental calibration. For example, it is not advisable to apply Fe-Mg exchange geothermometry to garnet and biotite if the garnet is very rich in grossular.

4- Retrogressive equilibration: It is not uncommon for minerals to change their compositions after peak temperatures are attained. This takes place either by exchange reactions where both ferromagnesian phases continue to exchange Fe and Mg beyond peak T, or by a net transfer reaction. Figure 2 illustrates the effects of retrograde Fe-Mg exchange between garnet and biotite, ultimately resulting in a new tie-line joining a more Fe-rich garnet (G2) with a more magnesian biotite (B2) and a retrograde zoning pattern in the garnet rim. Therefore, in such a case, peak T is obtained only if the compositions G1 and B1 are used for geothermometry, but not if G2 is used with B2 or B1. Similarly, if net transfer reactions similar to:

Fe3Al2Si3O12 + KAlSi3O8 + H2O = Al2SiO5 + KFe3AlSi3O10(OH)2 + 2 SiO2
take place during retrogression, garnet and biotite will both develop new compositions such as G2 and B2 (Fig. 3), and a different zoning pattern develops in the garnets. Once more, the compositions G2 and B2 will not yield the peak metamorphic temperature. In order to minimize the effects of retrogressive re-equilibration on Gt - Bt geothermometry to obtain temperatures as close as possible to peak conditions, one should select samples containing a lot of biotite and only small amounts of Gt (or coarse-grained Bt crystals in contact with fine-grained Gt). This is simply because the diffusion rates of Fe and Mg in Bt >> those in Gt, making biotite more susceptible to retrogressive compositional changes. In samples containing large amounts of Bt and small amounts of garnet, biotite will undergo small retrograde compositional changes in response to the chemical changes in the small amounts of garnet present.

Isotope geothermometry:

Consider the reaction:

2 Si18O2 + Fe316O4 = 2 Si16O2 + Fe318O4
in which the stable isotopes of oxygen (18O and 16O) are being exchanged between the phases quartz and magnetite. The equilibrium constant "K" for this reaction is therefore directly related to the ratios of both isotopes in magnetite and quartz expressed as the fractionation factor "" between these two minerals (this approach is similar to the one used in relating K to KD in exchange reactions). For any two minerals A and B,  is given by the relationship:

 = (18O/16O)A/(18O/16O)B
The value of  is a function of temperature; decreasing with increasing T, but is insensitive to P (since Vr of stable isotope exchange reactions is virtually zero). However, oxygen isotope data for minerals are expressed in the "" notation, where 18O is given by the relation:

18O = 1000.[(18O/16O)A - (18O/16O)SMOW]/(18O/16O)SMOW %°
where SMOW stands for standard mean oceanic water, the standard to which isotope ratios are compared. It is therefore clear that 

A-B = (1000 + 18OA)/(1000 + 18OB)

In addition to T, the values of 18O for a given mineral depend on its crystal structure and the "strength" of the chemical bond between O2 and the other elements in this mineral; the stronger the bond the higher its 18O value. Elements with high charge/radius (Z/r) ratios will concentrate 18O upon combining with O2 more than elements with low Z/r. The fractionation of oxygen isotopes between two minerals is therefore largest if these minerals have large structural differences and if they equilibrate at low T. Based on chemical bond strength, common metamorphic minerals can be arranged according to their tendency to concentrate 18O as follows:

Qz > K-spar ~ Arag ~ Cc > Musc > An ~ Gln > Lw > Cpx > Gt > Bt > Ol > Chl > Rt > Ilm > Mgt.

According to this list, mineral pairs that are most suitable for isotope thermometry (ones characterized by the largest differences in 18O values) are: quartz - rutile, quartz- magnetite and feldspar - magnetite. On the other hand, although it may be tempting to use the quartz - calcite pair for the determination of the temperatures of metamorphism of siliceous carbonates, fractionation between these two minerals is not very sensitive to T changes. Moreover, the isotopic composition of this pair is easily reset during retrogression.

Since "" is independent of bulk rock compositional variations, and is also not strongly affected by pressure or solid solution in the minerals used (except where such solid solution causes a change in the bond strength), O-isotope geothermometry should therefore be an ideal method for temperature determination. Theoretically, if a rock consists of n phases in equilibrium, it would have n-1 isotopic geothermometers that should all give the same T of equilibration. However, O-isotope geothermometry suffers from the ease with which some systems are reset by retrogressive processes, with the 18O values of minerals strongly influenced by the last fluid with which they have equilibrated. Moreover, exchange between many pairs has not been calibrated in the laboratory, and changes in the strength of some bonds as a result of some types of solid solution add a further complication, as more experiments are needed to cover larger compositional ranges. The tedious process of mineral separation has also limited the use of this method, although this is now changing with the advent of laser techniques.

Solvus geothermometry:

This type is applicable to a mineral pair with similar structures that exhibit limited (or incomplete) solid solution. On a T-X diagram, the area where two discrete phases coexist is known as a compositional (or miscibility) gap if both phases have different space groups. If both phases belong to the same space group, the curve defining this area is known as the "solvus". Compositional gaps occur in micas [e.g. between muscovite (KAl3Si3O10(OH)2) - paragonite (NaAl3Si3O10(OH)2)] and amphiboles (e.g. tremolite - glaucophane, actinolite - hornblende, ... etc.), but unfortunately, reliable experimental calibrations do not exist for such minerals. Mineral pairs that have been used for solvus geothermometry are K-feldspar - albite (Figs. 4, 5 and 6), calcite - dolomite (Figs. 8 and 9), and diopside - enstatite (two-pyroxene geothermometry, best considered in the pyroxene ternary; Fig. 10).

The K-feldspar - albite geothermometer:

In the case of the albite - K-spar pair, which is best applied to granulite facies rocks, it was found that small amounts of Ca affect the location of the solvus. It is therefore better to use the "two feldspar" calibrations of Stormer (1975), Whitney and Stormer (1977), Haselton et al. (1973) or Fuhrman and Lindsley (1988) which rely on measuring the Ab component in coexisting plagioclase and K-spar (Fig. 7). However, several precautions have to be taken when applying this geothermometer:


(1) If the grains show signs of exsolution textures (e.g. perthitic or antiperthitic textures), the grain has to be reintegrated to its composition prior to exsolution. However, keep in mind that after exsolution, the exsolved phase (or parts of it) may migrate to the boundaries of the exsolving grain, which makes "reintegration" difficult or impossible.


(2) According to Bohlen and Essene (1977), the calculated temperatures should be taken as a minimum T, as resetting at T < 500°C is quite common.

The Calcite - Dolomite geothermometer:

This geothermometer relies on the analysis of magnesian calcites occurring in equilibrium with dolomite. (Note that the steep slope of the solvus on the dolomite side or limb as well as the paucity of the experimental data for such compositions precluded the use of this limb for geothermometry; Fig. 9). As in the case of the two-feldspar geothermometer, the calcite - dolomite one requires reintegration of exsolved dolomite in calcite, and suffers from the same problems of retrograde exsolution and migration of exsolved dolomite to the grain boundaries. The calcite - dolomite geothermometer is best applied to rocks metamorphosed between 300 and 600°C in contact aureoles that cooled rapidly preserving peak metamorphic compositions.

Fluid inclusions:

Inclusions of the fluid attending metamorphism are often trapped in minerals upon their crystallization (primary fluid inclusions), or during a later event of fracturing and healing of such minerals (secondary fluid inclusions). These inclusions often contain more than one phase (gas + liquid, or gas + liquid + solid). By heating and freezing these inclusions, one can obtain information on the composition of the trapped fluid, and the conditions at which such fluid was entrapped. Whereas fluid inclusions yield valuable information on the nature of the fluid attending metamorphism and conditions of entrapment, temperatures calculated from fluid inclusion studies seldom reflect "peak" metamorphic temperatures, because most fluid inclusions are often trapped at later stages, and primary inclusions trapped at high pressures often "burst" or leak upon uplift.

Illite crystallinity: 

This method is applied to very low-grade metasediments (equivalent to the subgreenschist facies, also known as the anchizonal rocks), and makes use of the increase in "crystallinity" of illite with increasing T or metamorphic grade. This can be detected on X-ray diffraction patterns, where the (001) peak of illite becomes sharper with increasing T. The full width of each peak at half its maximum intensity (FWHM) is measured in °2, and has been correlated with T zones by several authors (see Kisch, 1983). However, illite crystallinity also depends on the duration of heating , so that a rock metamorphosed for a short period of time at some temperature T1 may have the same illite crystallinity value as one metamorphosed for a long time at a lower temperature T2. Illite crystallinities are best applied to rocks from the same metamorphic terrain to indicate directions of increase in T throughout that terrain, but cannot be used to determine the absolute temperature of a rock.

Vitrinite Reflectance:

With increasing T, organic matter (e.g. coal) becomes more reflective of light as its graphitic content increases. However, this process is also "rate-dependent", and cannot be used to determine the absolute T, but rather variations in T within the same area, and is also only applicable to low-grade metasediments.

Conodont Colour index:

This is another "rate -dependent" process, where fossilized conodonts change in colour as their enclosing rock is heated, presumably as a result of oxidation of organic compounds. This "thermometer" was calibrated by Epstein et al. (1977), but remains poorly understood and should be applied with extreme caution to low-grade metamorphic rocks. The results are qualitative, or at best semiquantitative.   
B- Estimating/ Calculating Metamorphic Pressures

There are four types of pressure of interest to geologists: Lithostatic pressure, Hydrostatic pressure, Deviatoric stress, and Fluid pressure. Of these, lithostatic and fluid pressures are the most important, as they will control the mineral assemblage of the rock. 

Lithostatic Pressure is the pressure at a certain depth "h" exerted by the weight of the overlying rocks. Lithostatic pressure is therefore a pressure equal in all directions. Lithostatic P increases systematically with depth, and the relationship between P and h can be derived from the following physical relations:

P= Force "F"/ Area "A" = Mass "m" . acceleration due to gravity "g" / A

P= (. V . g) / A

where V is the volume of the overlying rock column,  is the density of that column.

 P =  . A  . h . g / A = h.g. 
If "h" is expressed in cm, "g" in cm/sec2, and  in gm/c.c., the units of P will be gm/cm.sec2 or dynes/ cm2. Conventionally, P is expressed in bars or kbars, where 1 bar = 106 dynes/cm2, and 1 kbar = 1000 bars. Pressure can also be expressed in Pascals (Pa) or GigaPascals (GPa), where 1 bar = 105 Pa and 1 kbar = 0.1 GPa.

Example: Calculate the lithostatic pressure at a depth of 10 km, given that the average density of the overlying rocks is 2.7 g/cm3
P= 10 . 103 . 102 . 980 . 2.7 = 106 . 980 . 2.7 = 2646 . 106 dynes/cm2 

or P = 2646 bar = 2.646 kbar.

Rock densities range from 2.6 to 3.3 g/cm3 Granites have densities in the range: 2.66 - 2.8, gabbros: 2.85 - 3.1 and dunites 3.2 - 3.4. Therefore, for rocks with a density of 3.4 gm/c.c., the lithostatic "P gradient" will be 2.999 km/kbar.

This example illustrates that if one knew the amount of overburden that exists or existed on top of a metamorphic rock, one can calculate the P at which its mineral assemblage formed. This is often used as a chack on pressures calculated by other means (as shown below).

Geobarometry

Calculation of metamorphic pressures is often more difficult than T calculation, as reliable geobarometers are fewer than geothermometers. A good geobarometer is one that is sensitive to pressure changes but relatively insensitive to T changes. The best reactions that satisfy these requirements are solid - solid reactions, particularly polymorphic transitions. Practically, polymorphic transition reactions with shallow slopes are not always very useful for geobarometry, as these reactions are relatively insensitive to compositional changes, which limits their use to a few rock types of specific compositions, where they often can only constrain a minimum or maximum P at some given T. Coupled reactions (non-terminal) in which one or more phases exhibit solid solution are more useful. However, these reactions usually have a significant T dependence, so that an accurate determination of P requires a prior knowledge of T.

Commonly used geobarometers: (reactions written so that the right hand side is the high P side)

(1) Anorthite = Grossularite + Al-silicate + Qz:

This is the most widely used geobarometer in metapelites and quartzofeldspathic rocks, based on calibrations by Ghent (1976) and calculations by Newton and Haselton (1981) and Perkins et al. (1982) (Fig. 10). Its major disadvantage is the low content of grossular component in garnet in average metapelites, which means that one has to extrapolate to values of Xgrossular that are much lower than those of the original experiment.

(2) Ilmenite + Kyanite + Qz = Almandine + Rutile (GRAIL):

This is one of the best geobarometers applicable to metapelites, since Bohlen et al. (1982) obtained very tight reversals for this reaction (Fig. 11), and because garnet in metapelites is almandine-rich, making long extrapolations beyond experimental conditions unnecessary.

(3) Calcite = Aragonite:

Despite the good calibration of this reaction by Johannes and Puhan (1971) and Carlson and Rosenfeld (1981) (Fig. 12), it is not very useful for common metamorphic rocks because of the ease with which aragonite reverts to calcite. Therefore, even in rocks metamorphosed at P well into the aragonite field, aragonite is seldom preserved, being replaced by calcite upon uplift. The preservation of aragonite is more common in rocks metamorphosed and uplifted rapidly under low temperatures (below 180°C according to Carlson and Rosenfeld, 1981), as is the case with some low temperature blueschists. The preservation of aragonite in these blueschists therefore constrains part of their retrograde P-T paths.

(4) Albite = Jadeite + Qz:

This geobarometer is the one most commonly used for estimating the metamorphic pressures of blueschists and eclogites. Figure 4 shows the P-T location of this reaction for pure Jd and Ab. Solid solution in clinopyroxene and plagioclase feldspars makes this barometer very useful for metabasites, some metapelites, as well as rocks of granitic and arkosic compositions (Fig. 13).

(5) Ilmenite + Anorthite + Quartz = Garnet + Rutile (GRIPS):

Is another useful geobarometer that can actually be calculated thermodynamically from the two reactions: Gt + Ky + Qz = An, and Gt + Rt = Ilm + Ky + Qz. Nevertheless, this reaction has been calibrated experimentally by Bohlen and Liotta (1986) (Fig. 14).

Other geobarometers:

(7) Plagioclase + Olivine = Garnet

(8) Plagioclase + Orthopyroxene = Garnet + Qz

(9) Cordierite = Garnet + Sillimanite + Quartz

(10) Spinel + Quartz = Garnet + Sillimanite.

Table 1 lists some of the most popular experimentally calibrated geobarometers. 

The use of geobarometers to estimate minimum and maximum pressures:

Sometimes, not all phases taking part in a geobarometric reaction are present in the rock studied. In such cases, the geobarometer can still be used, but only to estimate either a minimum or a maximum P at some given T. For example, if a rock contains jadeite bearing Cpx + quartz, but no albite, then the composition of the Cpx (or its Jd content) can be used to estimate a minimum pressure by calculating the appropriate isopleth for the reaction Jd + Qz = Ab. Similarly, if a rock contains Cpx + Plag, but no Qz, then the same reaction can be used to estimate the maximum pressure of metamorphism (by calculating a value for K of this reaction from the compositions of Plag and Cpx).

Precision and accuracy of geothermobarometers:

Accuracy is a measure of how close our results are to the truth, and in general is quite difficult to determine unless the experiments on which thermobarometers are based are perfect, and all parameters for all phases (e.g. activities, activity coefficients, ... etc.) are all well known. On the other hand, precision is simply a measure of reproducibility of one's results. For example, if you are applying a thermobarometer to a rock using the chemical compositions of two adjacent minerals in textural equilibrium, your results will be very precise if you can get almost exactly the same values from applying the same thermobarometer to two other grains in the same rock. In general, most geothermometers have a precision of ± 50°C (but could be as low as ± 25°C for Gt - Bt geothermometry applied to amphibolite facies rocks). Most geobarometers have a precision of ± 1 kbar.

General precautions concerning the use of thermobarometers:

Determining the P and T of equilibration of a mineral assemblage is fraught with uncertainties. Therefore, one should always apply as many geothermobarometers as possible to the rock, taking good care to eliminate retrograde assemblages. Similar T and P obtained by applying different geothermometers and geobarometers to interlayered rocks of different composition is a good indication of the validity of these estimates, but certainly no proof of it! Temperatures calculated by exchange geothermometry should always be checked against the stability of the entire "peak" mineral assemblage within that sample as well as that within samples from interlayered rocks of different compositions believed to have had identical P-T histories. Pressures should be checked against geologic constraints (such as stratigraphic and structural depths of burial), which is always necessary for any tectonic interpretations.

