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UNIT-III

a. Sampling procedures and introduction to analytical techniques used in
geochemistry

b. Principles of ionic substitution in minerals

1. Sample Preparation Procedures
1.1 Collection and Crushing

A variety of samples were collected from the most massive and fresh portion of the outcrop after
chipping out the top weathered portion. At least 3-5 kg of the rock samples was collected for the
purpose of geochemical analysis from each location. To avoid any cross contamination the samples
were reduced to centimeter size (2-5 cm) in the form of chip on the outcrop itself by sledge hammer
and packed in the cloth bags. The rock samples were broken into smaller ~5cm*Scm*2cm chips
and it was ensured that it should be only unweathered and unaltered portions of each rock. These
chips were then used to make thin sections for the petrographic studies. About one kilogram of
representative rock chips were washed with deionized water for cleaning of any extra material
which may have adhered. Then the air-dried chips were reduced to -120 mesh size grains by
reciprocating jaw crusher. After which the sample size was reduced to half by coning and
quartering method and the -120 mesh grains were fed to Tema mill (Regauku) to reduce it to -230

mesh size.
1.2 Loss on Ignition (LOI)

LOI refers to the mass loss of a combustion residue whenever it is heated in an air or oxygen
present atmosphere to high temperatures. 2 g of the sample powder is accurately weighed in a

silica crucible. Then, transferred into an electric furnace, ignited at a temperature of about 900°C



for 2 hours, then allowed the furnace to cool at 50°C.Further transferring the crucibles with samples
to desiccators, let it reach room temperature then weighing the ignited powder accurately. The

Loss on Ignition values for study samples were calculated using the formula:

L.O.1 (weight %) =[100 x {(n2-n3)/(n2-n1)}]

where nl is the weight the empty ceramic crucible and n2 is the weight of ceramic crucible plus

sample powder and n3 is the mass of ignited sample powder with crucible.

1.3 Preparation of Solution-B

Sample digestion is a necessary step in geochemical analysis with highly sensitive for
spectroscopic techniques. It is an important step in the trace elements and REE measurement.
Solution B was prepared by open digestion method based on the procedure of acid attack described
by Balaram et al. (1995). This method uses a combination of nitric, hydrochloric, hydrofluoric and

perchloric acids. The steps followed are as follows:

1. Weigh 0.04 gm of sample powder into a Teflon crucible.

2. Add around 25 ml of 2:1 HF + HNO3 mixture.

3. Keep the crucibles with lid on the hot plate at approximately 80-120°C.

4. Heat the mixture until it is dry.

5. If the solution is not clear add HF and HNO3 mixture again.

6. Take the lid off when the solution is clear and let the solution dry completely.

7. Add 2-3 ml of perchloric acid (HC1O4), place the lid on and let the solution dry.

8. Repeat the same for three times after drying it to incipient dryness.



9. After 30 minutes take the lid off and let the solution dry completely.

10. Add around 10ml of 10% HNO3 and leave it for 5-10minutes on the hotplate.

Make up the solution to 100ml (with milli Q) and store in a reagent bottle. The acid treatment is
then repeated once or twice more depending on the clarity of the solution, using HF and aqua regia
only. Then the residual sample was washed out of the beaker into the sample bottle using 10%
HNO3 and then the volume is made upto 100 ml by adding deionized Millipore water to the
solution. This solution is used for determination of rare earth elements and the trace element

concentrations by ICP-MS.

1.4 Preparation of XRF Pellets

The sample pellets were prepared first by thoroughly mixing the sample powder in an agate mortar
to which a few drops of polyvinyl alcohol were added as binder. This mixture was then pressed
for 5 minutes under hydraulic press at pressure of around 16 ton to make the pellet. Vigorous
mixing is required to ensure complete homogeneity. The resulting pellets were then dried and
contamination by touching the surfaces has been avoided as any of the surfaces of the pellet can
be used for the analysis. The pellets so obtained are kept safely in separate pellet holders to avoid

cross contamination between the two different pellets.

2. Analytical Techniques Details

2.1 Major Element Analyses

The major and trace elements analyses of whole rocks samples were carried out using X-ray

Fluorescence Spectrometry (XRF) (Panalytical Model Philips Magix Pro Model 2440), at



University of Delhi India and ICM-MS (Perkin Elmer, Sciex Elan DRC II) at Institute
Instrumentation Centre (IIC) Indian Institute of Technology (IIT), Roorkee, India, respectively.
The accuracy and precision levels are similar or better than those reported in Saini et al. 1998. The
accuracy of the analyses for the major elements is better than 1% for Si02 and 2% for other major
elements 2-5% for minor elements and better than 10% for trace elements. The following

international rock standards have been used for calibrations. The data is listed in Appendix-B.

2.2 Trace and Rare Earth Element (REE) Analyses

Trace elements including the Rare Earth Elements (REE) were analyzed using ICP-MS at IIT,
Roorkee. Several USGS rock standards were dissolved, along with the study samples, and used
for calibrating the instrument for estimating the precision and accuracy. For ICP-MS analysis for
trace elements the average precision was +4.1% RSD they are the better than 2.5% for alkali and
alkaline earth metals (Rb-2.23%, Sr-1.38% and Ba-1.55%) better than 2% for the transition
elements except for Sc and Hf (Zr-0.9% and Nb-1.07%, Ni-1.8%, Cr-1.4%, V-1.43%, Co-1.28%,
Sc-10%, Hf-3.18% and Cu-1.6%) and within 3% for LREE (La-1.2%, Ce-1.0%, Nd-1.6%, Eu-
2.5%, Sm-3% and Pr-2%) and within 4% for HREE (Dy-2.2%, Tb-2.2%, Gd-2.4%, Ho-2.8%, Er-
3.2%, Yb-3.4%, Tm-3.4% and Lu-3.9%) (Bhattacharya et al. 2010). The analytical data is listed

in Appendix-B.

2.3 Analyses of Nd-Sr Isotopes

Isotopic composition (Apprndix-3), Nd-Sr isotopes were carried out using a fully automatic
Thermo Fisher TRITON multicollector thermal ionization mass spectrometer (TIMS) at the
National Facility for Isotope Geology and Geochronology, Institute Instrumentation Centre (IIC),

Indian Institute of Technology (IIT) Roorkee. The weight



of 75-100 mg of representative and selected rock powders was digested with triple-distilled
concentrated HNO3 and HF in closed Teflon vials using standard procedures. We have followed

the following steps.

1. To make batch of four samples, note down both vial and sample number in the weighing logbook

in systematically manner.

2. Weigh between 50 to 100 mg of the sample powder put down in vials.

3. To take few drops of MQ water, swirl till the powder goes inside to the vial.

4. Add 10 drops of HNO3 followed by 3 ml Hf. Screw tightly and keep on hot plate for 48 hours

at 80-90°C.

5. Remove from the hot plate, keep to cool down and evaporate completely. Add 10 drops of

concentrated HNO3 and again evaporate completely.

6. Add 2 ml concentrated HCI, cap tightly and keep on hotplate at 80-90°C for 12 hours.

7. There should be a clear solution, evaporate off completely and just add 1 ml 2NHCI before

starting column chemistry for separation.

8. After complete sample digestion (for spiked samples where one has to determine the
concentrations of Rb, Sr and REE’s) evaporate completely and add 1ml 2N HCI to the fraction.
Keep for 15 to 30 minutes for the total and clear dissolution. Centrifuge this in the 1.5 ml centrifuge

tubes at full velocity for about 5 minutes.

About 20-50 mg of 87Rb, 84Sr and mixed 150Nd-149Sm spikes with concentrations of 3.056
lg/g, 8.4559 1g/g, 0.78252 lg/g and 0.66519 1g/g respectively were added to the rock solutions

before going to the primary or secondary column chemistry.



2.3.1 Primary Column Elution after Complete Sample Digestion

The Rb, Sr and REE were separated using HCI acid and the elution has been done by cation
exchange chromatography. The stationary phase is eluents with Bio-Rad AG 50W-X8 200—400
mesh H+ form cation exchange resin filled to a height of 12-14 cm, in quartz made glass columns
that have an internal diameter of 6 mm. Here we have used 2N HCI and 6N HCI for REE

separation.

2.3.2 Secondary Column Elution from REE Fraction

Sm and Nd were separated from the REE fraction. The fraction was diluted with 0.1N 1ml
HNO3before going to be separate Sm-Nd. For this pre-packed LN Spec resin (Part No. C-50) from
Eichrom Technology, USA is being used. Nd and Sm were eluted with 0.25 N HCl and 0.75 N

HCl respectively.

Rb, Sr, Sm and Nd concentrations in samples were calculated offline after correcting for
fractionation according to the double spike correction method (Boelrijk, 1968). The isotopic ratios
87Sr/86Sr and 143Nd/144Nd were also recalculated with the corrections for spike contribution.
Reproducibility of the concentration measurements were monitored periodically by measuring the
concentration of these elements in USGS rock standards. The total procedure blank in the
laboratory is less than 8 ng of Sr and less than 1 ng for Nd at present. The reported 87Sr/86Sr and
143Nd/144Nd ratios for the samples are the mean of about 350 ratios and the errors are standard
error on the mean. The 87S1/86Sr ratios were normalized to 88Sr/86Sr = 0.1194. Mean value for
NIST Sr standard SRM-987 was 87Sr/86Sr = 0.710248 + 10 (1 se) during the period of analysis.
The 143Nd/144Nd ratios were normalized to 146Nd/144Nd = 07219. Mean value for the Japanese

Nd standard JNdi-1 was 0512980 + 10 (1 se) during the period of analysis.



PRINCIPLES OF IONIC
SUBSTITUTION IN MINERALS



RULES FOR IONIC SUBSTITUTION

Swiss-born Norwegian mineralogist and petrologist (1888-1947)
who laid the foundation of inorganic crystal chemistry and found-
ed modern geochemist.

Atomic substitution is controlled by size (radii) of the ion If size difference is
< 15%: free substitution

15 ~30%: limited substitution

>30%: littletonosubstitution

> 30%:little to no substitution

If there is a small difference of ionic radius, the smaller ion enters |,
the crystal preferentially




RULES FOR IONIC SUBSTITUTION

CoMMON ToNIC SUBSTITUTION PAIRS

Ion CN  Radius (A) lon CN  Radius (A)

Mg VI 0.80 Fe2+ VI 0.86
Al IV 0.47 Si IV 0.34
F VI 1.25 O VI 1.32
Ba IX 1.55 K IX 1.63
Ge IV 0.48 Si IV 0.34
Ga VI 0.70 Al VI 0.61
Hf VIII 0.91 Zr VIII 0.92
Mn4+ VI 0.62 Fe3* VI 0.73
Mn2+t VI 0.91 Fe2* VI 0.86
La-Lu VIII 1.26-1.05 Ca VIII 1.20

Na VIII 1.24 Ca VIII 1.20




GOLDSCHMIDT’S RULES - CHARGE

Atomic substitution is controlled by charge of the ions If charge difference is:
= |:substitute readily if electrical neutrality is maintained
>| :substitution is minimal
For ions of similar radius but different charges, the ion with the
higher charge enters the crystal preferentially

Forms a stronger bond with the anions surrounding the site



GOLDSCHMIDT’S RULES -UPDATED

After Wood (2003): Equilibrium partitioning depends primarily on 2 energies of
substitution into the crystal

the energy of elastic strain generated by inserting an ion which is either too large
or too small for the site.

the electrostatic work done in inserting an ion which is either more or less highly
charged than the major ion normally occupying the site.

The theory requires modifications to Goldschmidt’s rules (2) and (3).

Rule (2) should now be: The site has a preferred radius of ion (rO) which enters most
easily. For ions of the same charge, those which are closest in radius to rO enter
most easily. lons which are smaller or larger are discriminated against.

Rule (3): The site has a preferred charge ZO . For ions of similar size, but different
charge the one whose charge is closest to ZO enters most easily.




RINGWOOD’S MODIFICATIONS (1955)

Substitutions may be limited, even when the size and charge criteria are satisfied,
when the competing ions have different electronegativities and form bonds of
different ionic character.

Explains discrepancies with respect to the Goldschmidt rules
Example:
Na+ and Cu+ have the same radius and charge, but do not

substitute for one another




FACTORS AFFECTING SUBSTITUTION

Temperature
Minerals expand at higher T

Greater tolerance for ionic substitution at higher T

Pressure
Increasing pressure causes compression
Less tolerance for ionic substitution at higher P

Availability of ions — ions must be readily available for substitution to occur




TYPES OF SUBSTITUTION

(1) Simple substitution

Involves the same sites in the crystal structure

Type |: Complete binary solid solution: ions have same charge and nearly same
size, substitute freely. Example:

Fe.‘2+ > Mg2+ > Ni2+

(0.86 A) (0.80 A) (0.77 A)

Example Olivine Group: End members are forsterite (Mg2SiO4;‘‘Fo’’) and fayalite
(Fe2SiO4;‘“Fa”’)
Any composition in between is possible: (MgxFel-x)2SiO4

x = 0.7 would be “70 mole percent forsterite’’; or “Fo70”’




TYPES OF SUBSTITUTION

Type 2: Coupled substitution: ions have nearly same size, but different charge;
balance charge by simultaneous substitution on a second site.

When the ion of a major element in a mineral is replaced with something having a
different charge, the charge imbalance created must be neutralized by addition of
a counter ion

Example:

Si4+ and AI3+ (CN = 4): balanced by also substituting Ca2+ for Na+ on a
different site

write as a charge-balanced reaction: Si4+ + Na+ = Al3+ + Ca2+

Example - Plagioclase feldspars:
Albite (NaAlSi308) |~| Anorthite (CaAl2Si208




TYPES OF SUBSTITUTION

ExXAMPLES OF COUPLED SUBSTITUTION

nvine 1somorphic “derivative structures”

St Si Og4

Al P Oy

Al Al O;

Fe Ti Oj;

Si Si S1,05
K Al Si Si;05
Na Al Si SiyOg
Ca Al Al S1,0g3

Quartz
Berlinite

Corundum
IImenite

Coesite
Sanidine
Albite
Anorthite




COMBINING PHASE AND COMPOSITION
DIAGRAMS FOR MINERAL GROUPS

Mica ternary

Muscovite The Feldspar Ternary
KAI,(AlSi;0,0)(OH), CaAlSi;Oq

Anorthite

No feldspars,
Miscibility Gap

Orthoclase
Annite Phlogopite NaAlSi;Og alkali feldspars KAISi;O4

KFe,(AlSi;0,,)(OH), KMg;(AlSi;0,0)(OH),




SOLID SOLUTION

Occurs when, in a crystalline solid, one element substitutes for
another.

For example, a garnet may have the composition:
(Mg, ;FeoyMn,,Cay ;)AL Si;0 ;.

The garnet is a solid solution of the following end member
components:

Pyrope - Mg;Al,Si;O,,; Spessartine - Mn;Al,Si;O | ;
Almandine - Fe;Al,Si;O,,; and Grossular - Ca;AlSi;0O 5.



CHEMICAL POTENTIAL

Enthalpy (H), entropy (S), and Gibbs Free Energy (G) are
molal (moles/kg) quantities

Chemical potential, m, is the Gibbs free energy per molal

unit: _(@j
Hi = on )

In other words, the "chemical potential w." I1s a measure of
how much the free energy of a system changes (by dG;) if
you add or remove a number dn; particles of the particle
species | while keeping the number of the other particles
(and the temperature T and the pressure P) constant:



MIXING

Putting two components into the same system - they mix and
potentially interact:

Mechanical mixture — no chemical interaction: where X is
mole fraction of A, B

B = Xaua + Xpug

Random mixture - particles spontaneously (so 1L must go
down) orient randomly:

Au'mix=us = Mmechanical mixing

Mixing ideal IF interaction of A-A = A-B = B-B - if that is true
then AH_. =0,so0 AS_. must be >0 (because pmix<0
(spontaneous mixing):

R=molar gas constant
X=mole fraction component i



MIXING, IDEAL SYSTEMS
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Molar free energy in an ideal mixture and

graphical illustration of equation 3.31. After Nordstrom &

Munoz, 1986.



MIXING, REAL SYSTEMS

When components interact with each other
chemically and change the overall solution energy

Al'l'r'eg = waXB

Particularly this formulation is important in
geochemistry for solid solutions of minerals, such
as olivine (ex: Fo,,Fas,)




MIXING, A MORE COMPLETE PICTURE

Energy = mechanical mixture + ideal mixing +

Put 2 things together, disperse them, then

Heot= Xal'at(1-Xp)pn' + XARTINX,+ (1-X,)RTIn(I-
Xyt




MIXING AND MISCIBILITY

What about systems where phases do not mix (oil and water)??
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P-X STABILITY AND MIXING
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MELTS

Liquid composed of predominantly silica and
oxygen. Like water, other ions impart greater
conductivity to the solution

Si and O is polymerized in the liquid to differing
degrees — how ‘rigid’ this network may be is
uncertain...

Viscosity of the liquid = increases with increased
silica content, i.e. it has less resistance to flow with
more SiO,... related to polymerization??

There is H,0 is magma > 2-6% typically - H,O
decreases the overall melting T of a magma, what
does that mean for mineral crystallization?



THERMODYNAMIC DEFINITIONS

Gitsolid) = Gi(mely
Ultimately the relationships between these is related to the

entropy of fusion (ASY,.), which is the entropy change associated
with the change in state from liquid to crystal

d_T . RT fus
dX, | AS;,

These entropies are the basis for the order associated with
Bowen’s reaction series = greater bonding changes in networks,
greater entropy change =2 lower T equilibrium




Bowen's Reaction Series

Calcium-rich

Mafic
Plagioclase
B S eodiunr-rich Intermediate
Orthoclase
Muscovite
Felaic

Quartz ,\




MELT-CRYSTAL EQUILIBRIUM IB

Precipitated crystals
react with cooling liquid,
eventually will re-
equilibrate back, totally
cooled magma xstals
show same composition

UNLESS it cools so
quickly the xstal becomes
zoned or the early
precipitates are
segregated and removed
from contact with the
bulk of the melt
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WHY AREN’T ALL FELDSPARS ZONED?

Kinetics, segregation

IF there is sufficient time, the crystals will re-equilibrate with the magma they are in
— and reflect the total Na-Ca content of the magma

IF not, then different minerals of different composition will be present in zoned
plagioclase or segregated from each other physically



More than | crystal can precipitate from a melt —
different crystals, different stabilities...

2+ minerals that do not share equilibrium in a melt are
immiscible (opposite of a solid solution)

Liquidus = Line describing equilibrium between melt and one
mineral at equilibrium

Solidus = Line describing equilibrium with melt and solid

Eutectic = point of composition where melt and solid can

coexist at equilibrium
|

1553

Diopside is a pyroxene o Solidus
- - LEJ‘
Anorthite is a feldspar £ 1400 —
Z 1391.
; ANORTHITE + L
130 Liquidus

DIOPSIDE + ANORTHITE

1 l 1 L 1 | 1 1

|
Di 20 40 60 80 An
CaMgSi, Og WEIGHT PERCENT CaAl, Si, Og




Melt at composition X cools to point Y where anorthite
(NOT diopside at all) crystallizes, the melt becomes more
diopside rich to point C, precipitating more anorthite with
the melt becoming more diopside-rich

This continues and the melt continues to cool and shift
composition until it reaches the eutectic when diopside
can start forming

At eutectic, diopside L r- T | 1553
AND anorhtite crystals 00 5

precipitate sz
Lever Rule -

diopside/anorthite
(42%/58%) crystallize
until last of melt

precipitates and the rock DIOPSIDE + ANORTHITE

composition is Z 20— 4 60 80  An

CaMgSi, Og WEIGHT PERCENT CaAl, Si, Og4

ANORTHITE + L

TEMPERATURE, °C
w
|
‘m.l-h

Z 1274




Melting = when heated to eutectic, the rock would melt such that all the heat goes
towards heat of fusion of diopside and anorthite, melts so that 42% diopside / 58%
anorthite...

When diopside gone, temperature can increase and rest of anorthite can melt
(along liquidus)

| A ' 1553

1400
1391.5

ANORTHITE + L

T

1300 F DIOPSIDE + L

TEMPERATURE,°C

1274
DIOPSIDE + ANORTHITE

I 1 1 ] 1 1 ! ] 1
1200Di 20 40 60 80 An

CaMgSi, Og WEIGHT PERCENT CaAl, Si, Og




MELTING AND CRYSTALLIZATION

Considering how trace elements incorporate the melt

or solid:
C_melt 1
C’(rock) KP(L-F)+F

Where Kp(rock)=2Kp(j minerals)X,

For consideration of trace elements into a solid, use
Rayleigh fractionation equation:

Cimelt _ C-O F (KiD —l)

I (rock)

Where F is the fraction of melt remaining




INCOMPATIBLE VS. COMPATIBLE
TRACE ELEMENTS

Incompatible elements: Elements that are too large
and/or too highly charged to fit easily into common
rock-forming minerals that crystallize from melts.
These elements become concentrated in melts.

Large-ion lithophile elements (LLIL’s): Incompatible owing to
large size, e.g., Rb*, Cs*, Sr?*, Ba?*, (K*).

High-field strength elements (HFSE’s): Incompatible owing to
high charge, e.g., Zr**, Hf 4*, Ta**, Nb°*, Th**, U%*, Mo°*, W6,
etc.

Compatible elements: Elements that fit easily into rock-
forming minerals, and may in fact be preferred, e.g.,
Cr, V, Ni, Co, Ti, etc.




Table 7.1. Goldschwidr's Classilication ol The Elements

Siderophile Chalcophile Lithophile Atmophile
Fe*, Co*, Ni* (Cu), Ag Li, Na, K, Rb, Cs (H), N, (O)
Ru, Rh, Pd Zn, Cd, He Be, Mg, Ca, Sr, Ba He, Ne, Ar, Kr, Xe
Os, Ir, Pt Ga, In, Tl B, Al, Sc, Y, REE
Au, Ref, Mo (Ge), (Sn), Pb Si, Ti, Zr, Hf, Th
Ge*, Sn*, Wi (As), (Sh), Bi I, V, Nb, Ta
ct, cur, Ga* 5, Se, Te O, Cr, U
Ge*, Ast, sbt (Fe), Mo, (Os) H, ¥, Cl, Br, 1
(Ru), (Rh), (Pd) (Fe), Mn, (Zn), (Ga)

*Chalcophile and lithophile in the earth's crust
FChalcophile in the earth's crust
FLithophile in the earth's crust

Atmophile elements are generally extremely volatile

Lithophile elements are those showing an affinity for silicate
phases

Siderophile elements have an affinity for a metallic liquid
phase.

Chalcophile elements have an affinity for a sulfide liquid
phase.



CHANGES IN ELEMENT CONCENTRATION TN
THE MAGMA DURING CRYSTAL
FRACTIONATION OF THE SKAERGAARD
INTRUSION: DIVALENT CATIONS
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CHANGES IN ELEMENT CONCENTRATION TN
THE MAGMA DURING CRYSTAL
FRACTIONATION OF THE SKAERGAARD
INTRUSION: TRIVALENT CATIONS

Percentage solid



TYPES OF SUBSTITUTION

(2) Interstitial substitution

Coupled substitution where the charge balancing substitution is accommodated
on a site normally vacant in the mineral

Many minerals have large channels or space between layers that can
accommodate cations

Example - Beryl Be3Al2(SiO3)6

Channels in beryl - accommodating charged ions




TYPES OF SUBSTITUTION

(3) Vacancy (Omission) substitution

Charge is balanced by leaving sites vacant

Example: pyrrhotite: Fe | ,,S contains both Fe2+ and Fe3+
For charge balance 3(Fe2+) = 2(Fe3+) +

where > represents and Fe-site that is vacant.

Another way to represent the formula is: ( Fe2+), ; ( Fe3+),,




POINT DEFECTS

Point defects

Substitutional larger atom
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Point defects under microscope
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A J. Malkin, R.E. Tharne | Methods 34 (2004 ) 273-200

Fig. 10. (A) Point defects in the crystalline lattice of CMV crystals.
Two empty lattice sites (indicated with arrows) formed by missing viri-
ons (3.4 x 3.4 um). (B) Vacancies of by one or more unit cells (indi-
cated with arrows) on the surface of o thaumatin  crystal
(540 x 540nm). (C) Incorporation of abnormal CMV virions with
diameters in the range of 22-26 nm indicated with arrows) resulls in
defect formation. (D) Incorporation of two abnormally large virions
into the crystalline lattice. Anomalous particle incorporation can pro-
ceed either without visible defect formation, as in the example indi-

cated by a white arrow, or with the formation of a point defect (where
a black arrow indicates the aberrant particle).



