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ABSTRACT

The Cretaceous/Tertiary boundary controversy is discussed. The importance of
the platinum group metals (PGM) as markers of extraterrestrial material in
sediments is explained.

The use of inductively coupled plasma source mass spectroscopy (ICP-MS), and
graphite furnace atomic absorption spectroscopy (GF-AAS), to determine PGM
in geological materials, was investigated. Both techniques require the analyte to
be substantially separated from the geological matrix before instrumental
analysis is performed. Separation schemes involving fire-assay, ion exchange
chromatography, solvent extraction, and coprecipitation, were investigated.

A standard ore (PTC-1) was successfully analysed for Rh and Pd using a
separation scheme involving Te coprecipitation followed by dissolution and
determination by ICP-MS. The same ore was successfully analysed for Pd using
GF-AAS after a separation procedure involving solvent extraction of a

Pd- ammonium pyrrolidine dithiocarbamate complex.

Sedimentary rock samples were collected from a newly discovered K/T
boundary site (Flaxbourne River) in New Zealand. Determinations of Pd in
Flaxbourne River sediments were made using GF-AAS after matrix separation
using solvent extraction.

Elevated levels of Pd at the K/T boundary were found contiguous with elevated
levels of Ir. Besides these PGM, a further twenty elements were determined in
Flaxbourne River K/T boundary sediments. The results of this geochemical
survey are discussed with respect to the impact and volcanism theories (theories
which seek to explain the palaeontological, geochemical, and geological changes
occurring at the K/T boundary).
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CHAPTER ONE
INTRODUCTION




1.0 METEORITE IMPACTS

Both the Earth and its moon have been subjected to repeated bombardment
during the course of geological history. The Moon's heavily cratered surface
bears testament to this. The relative paucity of detectable terrestrial impact
features is due to tectonic erasure and weathering. So, although the Earth is
over 4,000 million years old, only 5% of its visible impact features are older
than 600 million years [1].

The frequency of impacts decreases with increasing size of impacting objects
(2]. So, while small objects hit the Earth every day, impacts involving objects
with diameters of greater than 10 km occur only every 100 million years or so,
on average [3].

Until 1980 little study had been made of the effects very large impacts would
have on the global biosphere. In that year Alvarez et al published their
benchmark paper suggesting the Cretaceous geological period had been
terminated by a large asteroid impact [4].

1.1 THE IMPACT THEORY

The boundary between the Cretaceous and Tertiary geological periods can be
identified in the sedimentary record by the rapid disappearance of typical
Cretaceous fossils followed by the appearance of typical Tertiary forms. The
precise palaeontological boundary usually corresponds to a clay layer almost
devoid of fossils [3]. Alvarez et al suggested that the extinctions occurring at
the boundary resulted from environmental stresses caused by a large asteroid
impact [4]. This idea is the basis for what has become known as the 'impact
theory'. The authors also concluded that the distinctive boundary layer consists
mainly of impact ejecta [4].

The impact theory was proposed after the discovery of anomalously high levels
of Ir in Cretaceous/Tertiary (K/T) boundary sites in Italy, Denmark, and New
Zealand [5][4]. This element is found in much higher levels in meteorites than
in terrestrial rocks [6]. Since 1980, anomalous Ir concentrations have been
found in K/T boundary sediments from over 80 sites world-wide.




Public interest in the impact theory has focussed on the extinction of the
dinosaurs, this being due to the exotic nature of those creatures. However, their
contribution to the total biomass mortality was tiny. About 70% of all lifeforms
perished in the K/T holocaust [7].

1.2 SIZE OF THE IMPACT

Simple calculations can be performed to obtain an estimate for the size of the
proposed asteroid, and the energy involved in the impact explosion.

1.2 (a) The Asteroid Diameter

Studies of K/T boundary materials indicate that about 1x10-7 g of Ir was
deposited for every square centimetre of the Earths surface [8]. The surface
area of the globe is about 5x1018 cm?2 [9]. Therefore the mass of Ir deposited
at the boundary (MJr) is given by:

Mir = (1x10-7 g/em?) x (5x1018 cm2) = 5x1011 g

If the proposed asteroid were a C1 chondrite (i.e. undifferentiated solar system
material), its Ir content would have been about 0.5x10-6 g/g, and its density
would have been about 2.2 g/cm3 [4]. Assuming all the asteroid's Ir was
deposited at the boundary, the total mass (Mast) of the asteroid is given by :

5x1011
Magt = 25— — 151018
ast 0.5x10-6 glg x10°% ¢

Therefore the the volume of the asteroid (Vast) is given by:
1x1018 ¢

= = 17 cm3
Vast 29 g/cm3 5x10 cm

For a spherical asteroid, the diameter (Dast) is given by:

i/ 6 x.Vast i/ 6 x (5x1017 cm3)
Dast="\— - =

T i

=1x106 cm = 10 km




1.2 (b) Impact Energy Yield

Assuming the proposed impactor had the mass of 1x1015 kg derived above, and
had a typical velocity of 2.5x10%4 m/s [10], its kinetic energy (East) would be
given by:

East = 0.5 x (1x1015 kg) x (2.5x10% m/s)2 = 3x1023 J

This energy is available to be released into the terrestrial environment on
impact. A one megaton T.N.T. detonation releases 4.2x1015 J of energy [10).
So, a 3x1023 J impact explosion would be equivalent to the detonation of about
7x107 megaTons of T.N.T. explosive. This is around 104 times greater than the
combined energy yield of the world's nuclear arsenals [3].

1.3 ENVIRONMENTAL EFFECTS

As most of the ejected impact material would not reach escape velocity [11], the
impact energy would be largely retained by the terrestrial environment. Of
course, some of the energy would be lost to space as electromagnetic radiation.

1.3 (a) Atmosphere. Hvdrosphere., and Geosphere Effects

Impact energy coupled to the atmosphere would overcome activation energy
barriers and allow the formation of nitrogen oxides from O2 and relatively
inert N2 [12]. Also, winds of up to 500 km/h would be generated [13].

There is a 70% probability the asteroid would have struck the ocean. If so, an
enormous quantity of seawater would have been vaporised, adding water to the
atmosphere [13]. Tsunamis would have flooded coastal areas [13]. The asteroid
would penetrate the ocean floor leaving a crater of 100 to 150 km in diameter
[13]. Vaporised rock would be expelled and lead to the formation of fine dust

particles in the stratosphere [13]. Under the ocean basins the Earth's crust is
quite thin, perhaps allowing the asteroid to penetrate the crust, thereby causing
volcanic activity [14].




A continental impact would generate impact dust in a similar manner to a
marine impact. Wolbach et al suggested a continental impact would be more
likely to cause world-wide wildfires [15].

1.3 (b) Biosphere Effects

The influx of >1023 J of impact energy into the terrestrial environment would
be catastrophic for the biosphere. Wolbach et al mentioned twelve impact-
imposed environmental stresses that could disturb the biosphere. Table 1.0 lists
these stresses

TABLE 1.0 ASTEROID IMPACT ENVIRONMENTAL STRESSES

STRESS TIME SCALE REFERENCE
Tsunamis - Hours [13] [16]
Winds (500 km/h) ------=-m-memeeeame- Hours [13]
0o [0 Months 4] [17]
Darkness ---------=-=m-m-mmmmmomoe e Months 4] [17]
Fire@s =-e--e-smmommmcomm oo ceceeees Months [18][19]
H2O-Greenhouse --------------------- Months [13]
Acid Rain Years [12]
Pyrotoxins Years [20] [18]
CO2-Greenhouse Decades [21][22]
Destruction of Ozone Layer -------- Decades [12] [23]
Impact-Triggered Volcanism ------- Millenia? [14]
Mutagens -----------------ocmcmomemee Millenia [24]

Dust ejected into the stratosphere by a >10(23 J impact would block out sunlight.
This would cause the cessation of photosynthesis and extreme cold. Enormous
quantities of HNO3 would be created from the nitrogen oxides formed in the
impact blast [12]. The resulting decrease in the marine pH would dissolve
carbonates in sediments, and in the shells of marine animals [12]. This would
add CO2 to the atmosphere. The 500 km/h winds would flatten the Earth's
forests and effectively freeze-dry the remains [13]. These remains could be set




alight by electrical storms generated by static electricity build-up in the dust
clouds, resulting in world-wide wildfires [15]. Such a conflagration would add
substantial amounts of CO?7 to the atmosphere.

The cessation of photosynthesis would disrupt food chains and therefore affect
all life on Earth. The extreme cold of the dust-induced winter would kill
species not suitably adapted. This period may have been followed by an impact-
induced swelter; water vapour from a marine impact, and CO7 emissions,
would cause greenhouse warming [13] [21]. High NO levels in the stratosphere
would affect the ozone layer [12]. Wildfires would generate chemicals
(pyrotoxins) which are harmful to biota [20]. A sub-class of the pyrotoxins, the
mutagens, would cause genetic defects [24].

1.4 CRITICISM OF THE IMPACT THEORY

Table 1.1 presents arguments that have been propounded by critics of the
impact theory. The table also gives rebuttals (extracted from the literature) of
these arguments from supporters of the theory.

The final anti-impact argument in the table suggests the K/T changes were due
to a pulse of intense volcanism. This suggestion was given credence by the work
of Zoller et al , who found high levels of Ir in aerosols emanating from
volcanic vents in Hawaii. Since 1985 the debate about the K/T events has been
characterised by comparative scrutiny of the impact and volcanism proposals.

1.5 ELEMENTAL IMPACT MARKERS

The elements Ru, Os, Rh, Ir, Pd, and Pt are known collectively as the platinum
group metals (PGM). These elements are useful markers of extraterrestrial
material in sediments. This is because they are depleted in crustal rocks relative
to their mean solar system abundances.




TABLE 1.1

ARGUMENTS AGAINST, AND IN DEFENSE OF, THE IMPACT THEORY

ARGUMENTS AGAINST THE IMPACT THEORY

REBUTTALS

K/T boundaries are not synchronous .
The impact theory predicts that there was synchronous formation of the K/T
boundary, at all sites world-wide. Officer and Drake [25] claim that some

boundaries are diachronous by as much as 8.4x109 years.

Alvarez et al [26] suggested that the palaeomagnetic data
used by Officer and Drake [25] was unreliable, due to sediment
mixing. They reported analyses of the same sediments with
results at variance with those of Officer and Drake.

—Elemental anomalies at the boundary could be due to
carbonate dissolution .

During periods of low marine pH, the carbonates in a segment of limestone
can dissolve, leaving trace elements such as Ir concentrated in residual
insoluble material [27].

Trace element concentrations across boundary sequences can
be calculated on a carbonate free basis. When this is done
boundary materials still show anomalously high levels of Ir
[28](8].

" The PGM in boundary sediments may have precipitated from
seawater.

Anoxic ocean conditions may have led to the precipitation of Ir from
seawater [29].

The discovery of an Ir anomaly in non-marine K/T boundary
shales [30] negated this argument, as did studies of Os isotope
abundances in boundary materials [31][32].

Extinctions attributed to an asteroid impact are not
synchronous with the Ir anomaly.

Some Cretaceous nannoplanckton species survived for thousands of
years after the boundary Ir was deposited [25],

Several impact stresses would occur over thousands of years
(Table 1.0). Some Cretaceous species would survive into the
Tertiary period only to succumb to competition from new
Tertiary forms [33].

No impact crater has been found.
Despite satellite searches, no impact features have been found which are
of the right age, and size, to have been formed by the K/T asteroid [34].

About 20% of the Earths surface has been subducted into the
mantle in the last 65 million years. If the impact had struck a
region that has since been subducted, no crater would remain.
Also, the impact may have triggered Deccan Traps volcanism;
the basaltic outpouring would have obscured any crater [35].

The K/T boundary Ir could be derived from the mantle.

Orthodox cosmochemical theories suggest that Ir should be depleted in the
Earths crust relative to the mantle and the core [36]. Officer and Drake [36]
have suggested that volcanism on an enormous scale could have
deposited the K/T boundary Ir.

Arguments which refute a mantle origin for the K/T boundary Ir
are presented in detail elsewhere in this thesis.




About 4.5x103 million years ago, the Earth accreted, forming a molten planet.
As it cooled, by radiating energy into space, chemical fractionation occurred.
Three phases were formed: the core, the mantle, and the crust. The PGM are
siderophile elements (they have an affinity for iron), and were retained mainly
in the core and to a lesser extent the mantle. This left the PGM severely
depleted in the Earth's crust relative to meteorites, which tend to have similar
compositions to the mantle and the core [3].

1.6 RESEARCH AREAS

The role of chemical analysis in the K/T boundary controversy has been pivotal
to the formulation of both the impact and volcanism proposals [37]. Chemical
analysis also has a part to play in the scrutiny of the proposals.

The most common elemental marker of an extraterrestrial component in
sediments has been Ir, as it is more easily determined by neutron activation
analysis (NAA) than the other PGM. Unfortunately the use of this technique is
dependant on the availability of nuclear reactor facilities. The technique is also
relatively expensive. Therefore, it would be an advantage to be able to
determine the PGM in sediments by other techniques. This capability would
also show whether other PGM anomalies coincide with the Ir anomalies in
boundary sediments, as predicted by the impact theory.

Part of this thesis reports a geochemical survey carried out on the Flaxbourne
river K/T boundary sequence. This sequence had not been previously sampled.
Palaeontological studies showed that the sequence is exceptionally complete and
therefore provides an excellent record of late Cretaceous to early Tertiary
environmental changes. Detailed sampling of this sequence was carried out.

The following research goals were set:

(1) To investigate alternative methods to neutron activation analysis for
detemining PGM in sediments.

(2) To apply these methods to Flaxbourne River boundary sediments as well as
determining the levels of other elements in the sediments.




(3) To analyse the elemental data and draw conclusions from the data with
respect to the impact and volcanism proposals.




CHAPTER TWO

INSTRUMENTAL TECHNIQUES,
SEPARATION TECHNIQUES,
AND MATERIALS
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2.0 ATOMIC ABSORPTION SPECTROSCOPY

2.1 (a) Principles

Atomic absorption spectroscopy (AAS), is an analytical method for the
determination of elemental concentrations in samples, based on the absorption
of radiation by free atoms. Sir Alan Walsh pioneered the development of the
technique for routine analysis, and published a report on the subject in 1955
[38]. The technique was used extensively in research reported in this thesis. All
the AAS analyses were performed on solution samples.

Figure 2.0 illustrates the basic principles of AAS. When a solution sample is
analysed by AAS, atomic vapour is formed from the solution. Spectral line
radiation is passed through the vapour; the line used, corresponds to a
resonance transition for the analyte atoms. Although the source emits a
spectrum of lines, the line chosen for detection is isolated with a
monochromator. Analyte atoms in the light path absorb the radiation, and the
level of absorbance (Az) is determined.

A, =log Po
+= 1% (3)

Po, is the radiant power of the incident radiation.
P, is the radiant power of the transmitted radiation.

atomic absorption

/. '7// transmitted radiation
.

atomic vapour

incident radiation ~.

spectral
line source

Figure 2.0 AAS Processes

Spectral line radiation is emitted from the source. Analyte atoms in the atomic vapour
absorb the radiation. The level of absorbance is measured. This is related to the
concentration of analyte atoms in the atomic vapour.




Solution standards are used to calibrate the system. This allows the relationship
between absorbance readings (Az), and element concentrations in solution (Cz),
to be determined. Within the dynamic range for the technique, this relationship
has the form:

Az=sxCz+1.

The letters s and 1, represent constants which can be determined graphically, or
with least squares analysis. Once this relationship has been determined for a
particular element, the element's concentration in a sample can be determined
from the absorbance reading.

2.1 (b) Hollow Cathode Lamps

Source radiation for AAS is most commonly supplied by a hollow cathode
lamp. This was the only type of source used for work reported in this thesis.

Figure 2.1 gives a schematic representation of a hollow cathode lamp. In the
back of the lamp is a hollow cathode made of the element to be analysed, or an
alloy containing that element. The window of the lamp can be constructed of
borosilicate glass, or if ultraviolet radiation is required, quartz. The lamp is
filled with an inert gas under reduced pressure. A potential is applied between
the electrodes to cause a current to flow. The potential ionises the inert gas at
the anode and accelerates the inert gas ions towards the cathode. These ions

Atomic
Vapor

Hollow Cathode

Filler Gas
Window

Figqure 2.1 Hollow Cathode Lamp
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collide with the cathode causing free metal atoms to be removed which then
undergo collisional excitation due to collisions with fast moving inert gas ions.
The excited atoms lose energy and produce their characteristic emission line
spectrum.

2.0 (¢) Flame Atomic Absorption Spectroscopy

Flame atomic absorption spectroscopy (F-AAS), utilises a combustion flame to
produce atomic vapour from solutions. A variety of flames can be used for this
purpose. The choice of flame is dependent on the flame temperature, and the
oxidising or reducing conditions required. Air acetylene, and nitrous oxide
acetylene flames were used in work reported in this thesis. The air acetylene
flame produces temperatures of around 2,400 K, while the hotter nitrous oxide
acetylene flame produces temperatures of around 3,200 K [39].

All F-AAS analyses reported in this thesis were made using an IL 457 double-
beam AA/AE spectrometer. This system uses deuterium background correction.

2.0 (d) Graphite Furnace Atomic Absorption Spectroscopy

(1) Backeround Information

Atomic vapour can be produced from solutions by electrothermal means. For
example, a solution can be dried onto the surface of a material like tungsten,
tantalum, or graphite; atomic vapour can then be produced by resistive heating
of the material.

The electrothermal atomiser which has gained the most acceptance, has been the
graphite furnace. L'vov introduced graphite furnace atomic absorption
spectroscopy (GF-AAS) [40]. In his original design, heating of the sample was
achieved by striking an arc between a sample electrode and the furnace [41].

It was Massman who paved the way for the widespread acceptance of GF-AAS
as an analytical technique. In 1968 he reported the use of resistively heated
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graphite tubes (furnaces) to produce atomic vapour (41]. During heating, these
tubes were immersed in a stream of argon gas to prevent oxidation of the
graphite. Massman introduced step-wise heating cycles for GF-AAS analyses
[41]. The use of these cycles has become a standard procedure with this
technique.

Each cycle consists of three principal stagés:

(1) The drying stage. After the injection of sample solution onto the inner
surface of the tube, the tube is heated to around 100 °C (depending on the
solvent) to evaporate the solvent. This leaves the analyte deposited on the tube.
(2) The ashing stage. The tube is further heated to a temperature which is hot
enough to pyrolyse any organic material deposited on its surface, but not so hot
as to allow the formation of atomic vapour from the analyte.

(3) The atomisation stage. Finally, the tube is heated rapidly to a temperature
which causes the analyte to be vaporised.

(i1) GF-AAS Instrumentation Used.

All GF-AAS determinations reported in this thesis were performed using a
GBC (System 1000) furnace unit, coupled to a GBC 902 atomic absorption
spectrometer. Sample injections were made using a PAL 1000 automatic
sampler.

The System 1000, uses a 'mini-Massman' type of furnace which is 9 mm long
and has an internal diameter of 3 mm. Figure 2.2 shows the furnace tube
between two

electrodes. The hole in the wall of the tube allows sample solution to be injected
into it. When operational, the furnace is aligned so that light from the hollow
cathode lamp passes through the tube.

Figure 2.3, shows a diagram of the system 1000 workhead. When the furnace is
heated, oxygen free nitrogen flows out of the diffuser to prevent oxidation of
the graphite. The workhead is water cooled to keep 'down time' between
heating cycles to a minimum. The furnace is not enclosed, so it is readily
accessible. Setting the furnace clamp to load draws the support rods apart which
allows the furnace to be removed and replaced.
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Figure 2.2 Graphite Furnace and Electrodes

(iii) GBC System 1000 Capabilities

Figure 2.4 illustrates a step-wise heating cycle used, with the GBC system 1000,
to determine Pd in a 1 mol/l HCI solution. With this system, the furnace
temperature increases at a constant rate. This is known as the ramp' rate,
which is specified as part of the furnace program. Each heating stage consists of
a temperature ramp, followed by a temperature hold; the hold keeps the
furnace temperature constant for a specified period. Low ramp rates are used at
the drying and ashing stages to prevent spitting of the sample material. A high
ramp rate is needed at the atomisation stage to rapidly vaporise all the analyte.

Up to 5 pl of solution can be dryed in a furnace at a time. Ten dryings can be
done before the ashing and atomisation stages are carried out. So, the
absorbance signal due to analyte from 50 pul of solution can be obtained. A
range of volumes from 1 to 50 Ll can be chosen to be dryed onto the tube,
prior to atomisation.

Figure 2.5, shows two absorption signals. Signal A was obtained from 3 tl of a
0.1 pg/ml Pd solution. Signal B was obtained using a 0.01 Lg/ml Pd solution
using ten, 3 Wl dryings. The signals are practically identical. This shows the
potential of multiple dryings to effectively increase the sensitivity of the
technique.




_POWER LEAO,
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Fiqure 2.3 GBC Svstem 1000 workhead
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Figure 2.4 A Typical Furnace Cycle

Graph showing variation of graphite furnace temperature with time elapsed during a
furnace heating cycle. The cycle shown, is used to determine Pd in aqueous

solutions.
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Figure 2.5 Absorption Signals

Two absorption signals obtained using GF-AAS. Signal A was obtained from 3 il of a
0.1 pg/ml Pd solution. Signal B was obtained from 30 U of a 0.01 pg/ml Pd solution,

using the multiple drying facility.
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2.0 (e) GF-AAS Optimization for Palladium_ Determination

(i) Spectral line selection

All Pd analyses were performed using the 247.6 nm line . The 244.8 nm line
gives better sensitivity, however this line gives a considerably less stable lamp
signal.

(iv) Injection Tip Alienment

The PAL 1000 auto-sampler uses a robot arm to manoeuvre the sample
injection tip. Sample solution is drawn up into a plastic tube through the tip.
The robot arm then places the tip through the sample injection port, and the
sample solution is injected into the furnace tube.

The furnace/tip geometry, at the moment of injection, is a critical factor in the
optimization of perfomance for GF-AAS.

The injection probe, as supplied, has a flat tip. If the tip is touching the tube (as

in geometry (A), Figure 2.6), the injected solution tends to be deposited

(A) (B

injection

sample
injection
probe

furnace

Figure 2.6 Furnace/Probe Geometries

Diagram of three possible geometries for the sample injection probe, at the moment
of sample injection. Geometry (A) shows the probe with a flat tip that is touching the
bottom of the furnace. Geometry (B) shows the probe with a flat tip that is positioned
above the furnace bottom. Position (C) shows the probe with a pointed tip that is
touching the bottom of the furnace.
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unevenly, and some may be lost through the injection port, or over the sides of
the tube. If the tip is not touching the tube (see geometry(B)), some of the
solution tends to migrate up the probe and is lost through the injection port.
The best results are obtained if the tip is cut, to give it a point, and if it is
touching the tube (see geometry (C)). With this geometry a drop of solution is
deposited to one side, in the tube. This provides good reproducibility of drop
deposition. '

(11) Lamp current selection.

The lamp current influences the fluctuation in the lamp signal. A large
fluctuation leads to a large background absorption signal. When lamp currents
of less than 5 mA are used, the background absorption signal is unacceptably

large. Figure 2.7 shows that the lamp is most stable when a current of 13 mA is
used. ‘
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Figure 2.7 Optimization of Hollow Cathode Lamp Current
Variation of the background absorption signal with the hollow cathode lamp current.
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Unfortunately, the life-span of a hollow cathode lamp shortens when high
operating currents are used. With this in mind, a compromise lamp current of
10 mA was used for all Pd determinations.

(iii) Furnace heatine programs.

The GBC System 1000 instrument, allows up to ten heating stages with each
heating cycle. When organic solvents are analysed, it is common to include a
pre-heating stage with the three principal heating stages (see sub-section 2.0
(d)(1)). Pre-heating the tube before sample injection can increase sensitivity.
This was observed when MIBK solutions were analysed. When preheating was
not employed, the MIBK had a tendency to creep along the tube and flow over
the sides before drying could be completed. With judicious choice of the pre-
heat temperature, the MIBK can be made to dry evenly before it has a chance to
move towards the tube extremities.

All determinations of Pd in MIBK were performed using the conditions given

in Table 2.0. The conditions used to analyse aqueous solutions are given in
Table 2.1. The pre-heat stage is not required for these solutions.

Table 2.0 Heating Cycle Conditions for MIBK

Heating Stage Pre-heat Dry Ash Atomise
Final Temp. (°C) 75 100 500 2500
Ramp Time (s) 3.0 10.0 5.0 1.0
Hold Time (s) 1.0 5.0 5.0 3.0
Inert Gas No No No Yes
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Table 2.1 Heating Cycle Conditions for Aqueous Solutions

Heating Stage Pre-heat Dry Ash Atomise
Final Temp. (°C) — 120 500 2500
Ramp Time (S) — 10.0 5.0 1.0
Hold Time (s) — 5.0 5.0 3.0
Inert Gas — No No Yes

For the drying stage, a ramp time of at least 10 seconds is needed to prevent
sudden boiling and 'spitting' of the MIBK. An atomisation temperature of 2500
°C was chosen after an optmization study. The results of this study are plotted
in Figure 2.8.This figure shows that no large increase in signal would be
achieved by using an atomisation temperature of greater than 2500 °C.
Atomising at greater than this temperature would cause unnecessary furnace
wear.

(iv) Calibration curve

Figure 2.9 shows a calibration curve for the determination of Pd in MIBK. Due
to the mediocre precision possible with this technique, each standard solution
was analysed five times and the mean absorption was obtained. When this is
done the calibration curve is reasonably smooth. The curve is linear up to a Pd
concentration of 0.16 ptg/ml. At higher concentrations there is a negative
deviation from Beer's Law.

(v) Absorption Signal

Figure 2.5 shows typical absorption signals for Pd. All signals observed for
Pd, where an atomisation temperature of 2500 °C was used, show an
absorption maximum at just over one second after the atomisation stage begins.
The signals shown in Figure 2.5 were recorded when the hollow cathode lamp
was relatively new, and when the lamp signal fluctuation was small. The
fluctuation increased with the use of the lamp.
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Figure 2.8 Optimization of Atomisation Temperature

The effect of atomisation temperature on the absorption signal for Pd. Each point represents
the mean signal of five atomisations. One drying of 3 pl, of a 0.2 ng/ml solution of Pd in MIBK,
was performed before each atomisation. The heating cycle given in Table 2.1 was used for the
determinations.
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Figure 2.9 Calibration Curve for the Determination of
Palladium _in_ MIBK by GF-AAS

The variation of absorbance with the concentration of Pd in MIBK, when this solutlon
is analysed by GF-AAS. Each absorbance point represents the mean value of five
analyses. One drying of 3 pl of MIBK occurred before each atomisation.
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(vi) Limits of Detection

The IUPAC and propagation of errors (POEM) methods for determining
limits of detection (cT,) are fully described in Appendix IL GF-AAS absorbance
signals were obtained for four MIBK solutions. Table 2.2 shows the
absorbances obtained. Three of the solutions contained known concentrations
of Pd, and the other was a reagent blank.

Table 2.2 Palladium Standard-Solution Absorbances

Pd Concentration in MIBK (ug/ml)

0.00 0.02 0.04 0.06
-0.009 0.057 0.125 0.185

-0.003 0.054 0.115 0.162

0.003 0.068 0.111 0.174

« -0.005 0.049 0.112 0.178
S -0.013 0.049 0.108 0.182
=) 0.008 0.058 0.128 0.180
n 0.031 0.056 0.117 0.156
8 0.008 0.071 0.126 0.167
S -0.008 0.051 0.116 0.172
2 0.004 0.055 0.111 0.177
2 0.003 0.067 0.125 0.172
= 0.005 0.061 0.119 0.186
0 0.006 0.062 0.099 0.163
3 -0.006 0.048 0.121 0.153
N -0.008 0.045 0.114 0.180
G -0.002 0.065 0.129 0.178
0.001 0.065 0.124 0.193

-0.006 0.068 0.103 0.169

-0.010 0.047 0.124 0.158

0.003 0.043 0.118 0.186

Using the data from Table 2.2, the IUPAC and POEM limits of detection can
be calculated as follows (see Appendix II for details of the formulae used):

X SB

3
cL(AUPAC, k=3) = ——

_3x0.010 _

m

2.90

0.010 pg/ml
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1
3(sp2 + si2 + (m)zx sm2 11/2

cLL(POEM, k=3) =

m
(o.ooo
_ 3[(0.010)2 + (0.012)2 + \ 2.90) x (0.332)21/2
N 2.90

=0.016 pg/ml

The limit of detection obtained with the POEM method is greater than that
obtained with the IUPAC method. This is because the former method takes
account of the uncertainty in the slope and intercept of the calibration curve.
The data in Table 2.2 were collected using two 3 LU dryings before each
atomisation. With ten 3 [ dryings the effective limit of detection (POEM) is
0.003 pg/ml. The data in Table 2.2 were collected using a hollow cathode lamp
which was near the end of its useful life. The background fluctuation observed
should be seen as the worse possible case.

(vil) Memory Effect

An unusual memory effect was observed following the analysis of a Pd
(MIBK) standard, by GF-AAS, when worn furnaces were used. Under these
circumstances Pd adhered to the furnace. Subsequent MIBK blank
determinations gave large Pd signals, even though a 'furnace clean' program
(rapid heating to 3000 °C) was run between each determination. The signals
decreased with each successive blank/clean cycle. Many cycles were required
before the memory signal ceased to be observed. This indicates that the
memory effect was due to chemisorption rather than the weaker physisorption.

MIBK would appear to play an important role in the desorption of Pd from the
furnace; no memory signal was observed when an aqueous-blank solution was
analysed.

It is possible Pd is adsorbed by amorphous carbon deposits on worn furnaces.
Pd is known to be strongly adsorbed by amorphous carbon [42], which is well
suited as an adsorbent because of its porous microcrystalline structure
(composed of graphite packets) [43].




2.0 (N GF-AAS Optimization for Rhodium Determination

(1) Spectral line selection.

The most sensitive AAS line for Rh is the 343.5 nm line. Unfortunately
deuterium lamp background correction cannot be used at this wavelength
because the output of the deuterium lamp is poor at wavelengths over 300 nm.
However, most common molecular absorption interferants do not significantly
absorb at wavelengths as high as 343 nm.

(i1) Lamp current selection.

Lamp currents between 3 mA and 15 mA gave very stable background signals.
A lamp current of 5 mA was used for all Rh determinations.

(ii1) Furnace heating programs.

The furnace heating programs used for Rh are the same as those used for Pd
except for the atomisation temperature. An atomisation temperature of 2600 °C
was used for all Rh determinations. The decision to use this temperature was
based on an optimization study. The results of this study are plotted in Figure
2.10. This figure shows no large increase in signal would be achieved by using
an atomisation temperature of greater than 2600 °C. Atomising at greater than
this temperature would cause unnecessary furnace wear.

(iv) Calibration Curve

Figure 2.11 shows a calibration curve for the determination of Rh in 2 mol/l
HCI. Each solution was analysed five times and the mean absorption was
obtained.
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Figure 2.10 Optimization of Atomisation Temperature

The effect of atomisation temperature on the absorption signal for Rh. Each point
represents the mean signal of five atomisations. One drying of 3 pl, of a 0.2 pg/mi
solution of Rh in HCI (2 moll), was performed before each atomisation. The heating
cycle given in Table 2.0 was used for the determinations.
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Figure 2.11 Calibration Curve for the Determination of Rh
in HCl by GF-AAS
The variation of absorbance with the concentration of Rh in HCI (2 mol/l), when this

solution is analysed by GF-AAS. Each absorbance point represents the mean value
of five analyses. O ne drying of 3 pl of MIBK occurred before each atomisation.
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Figure 2.12 Absorption Signal for Rhodium

(v) Absorption Signal.

Figure 2.12 shows a typical absorption signal for Rh. All signals observed for
Rh, where an atomisation temperature of 2600 °C was used, show an
absorption maximum at just over one second after the atomisation stage begins.
The signal shown was produced using a relatively new hollow cathode lamp,
hence the low noise level for the signal.

(vi) Limits of Detection

The IUPAC and POEM limits of detection (k=3) were calculated in the same
manner for Rh as for Pd. GF-AAS absorbance signals were obtained for four 2
mol/l HCI solutions. Table 2.3 shows the absorbances obtained. Three of the
solutions contained known concentrations of Rh, and the other was a blank.
Using the data from Table 2.2, the IUPAC and POEM limits of detection can
be calculated as follows (see Appendix II for details of the formulae used):

3 X SB
cLIUPAC, k=3) =

m

_3x0.001 _
1.07

0.003 pg/ml

27




cL(POEM, k=3) =

i

3[sB2 + sj2 + (5)2)( sm2 112

m

-0.000

3[(0.001)2 + (0.011)2 + (

1.07 ) (0_121)2]1/2

0.031 ml

1.07

The data in Table 2.3 were collected using one 3 [l drying before each
atomisation. With ten 3 U dryings the effective limit of detection (POEM) is
0.003 pg/ml. This is the same value that was obtained for Pd. While the
sensitivity of GF-AAS is better for Pd than for Rh, Pd has a more noisy
background signal. “

Table 2.3 Rhodium Standard-Solution Absorbances

Rh Concentration in 2 mol/l HCI (ng/ml)

0.00 0.05 0.10 0.15

-0.001 0.040 0.081 0.172

0.000 0.044 0.102 0.154

-0.002 0.046 0.091 0.168

0 0.000 0.050 0.094 0.165
T 0.001 0.045 0.095 0.154
Is) 0.001 0.042 0.100 0.158
» -0.001 0.041 0.103 0.161
3 0.001 0.041 0.090 0.163
S -0.002 0.046 0.091 0.152
2 0.001 0.046 0.102 0.168
2 0.000 0.044 0.101 0.167
3 -0.001 0.050 0.097 0.151
o 0.000 0.045 0.091 0.164
b 0.000 0.046 0.102 0.162
0 -0.001 0.044 0.099 0.157
S 0.000 0.045 0.096 0.153
0.001 0.041 0.095 0.166

-0.001 0.043 0.090 0.169

0.002 0.046 0.101 0.153

0.000 0.047 0.085 0.171
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2.1 INDUCTIVELY COUPLED PLASMA ATOMIC
EMISSION SPECTROSCOPY (ICP-AES)

The development of ICP-AES as an analytical technique, began in early 1962
with two research groups independently pursuing the same concept [44]. The
first commercial instrumentation became available in 1974.

ICP-AES allows multi-element determinations to be determined for solution
samples. Sample solution is nebulised into an inductively coupled plasma where
the solution constituents are thermally excited. Electronic deactivation of the
thermally excited atoms occurs with the emission of radiation that is
characteristic (in energy) of the particular element and electronic transition
involved. The emission signals for a range of elements from the sample
solution can be isolated and recorded simultaneously using a multichannel
spectrometer. The intensity of an emission signal can be related to an analyte
concentration in solution. '

All ICP-AES determinations reported in this thesis were performed using an
ARL 34000 vacuum polychromator system that is configured for 23 elements.

2.2 INDUCTIVELY COUPLED PLASMA SOURCE MASS
SPECTROMETRY (ICP-MS)

ICP-MS allows simultaneous multielement determinations to be performed on
solution samples. The technique also allows isotope ratios for analyte elements
in solution to be determined.

The principles of the technique are as follows: The analyte solution is nebulized
and the resulting aerosol is injected into an inductively coupled plasma where
temperatures reach up to 10,000 K. A proportion of the solution constituents is
ionised. A small proportion of these ions is extracted through a sampling
orifice into a vacuum system. An ion lens directs the ions to another vacuum
stage housing a quadrupole mass spectrometer.The spectrometer gives a
reading of ion count versus charge/mass ratio for the ions. Figure 2.13 shows a
schematic diagram of a typical ICP mass spectrometer.
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The technique is extremely sensitive for most metals. All the PGM can be
determined in aqueous solutions at ng/ml levels or lower. This is shown in
Figure 2.14. A useful introduction to this technique has been published by Date
[45]. All ICP-MS determinations reported in this thesis were performed using a
Sciex Elan instrument.

2.3 NEUTRON ACTIVATION ANALYSIS (NAA)

Instumental neutron activation analysis involves irradiation of the sample
followed by measurement of the radiation emitted from analyte atoms.
Irradiation is accomplished by placing the sample in a neutron flux (in a nuclear
reactor). The analyte atoms absorb neutrons to form radioactive isotopes which
emit gamma radiation and sometimes beta radiation. The level of radiation is
measured and is used to calculate the abundance of the analyte in the sample. A
sample with a complex matrix may contain many elements which become
radioactive in the reactor and subsequently emit gamma radiation. In this
instance the gammaray spectrometer used, may be unable to resolve the analyte
signal from other signals emanating from the sample. Radiochemical neutron
activation analysis (RNAA) may be used to overcome this difficulty.

RNAA involves the irradiation of the sample in the same manner as is
performed for INAA. Then the sample is dissolved and a known amount of
carrier (analyte element) is added to the solution. Separation techniques are
used to separate the analyte element (sample + carrier) from the other elements
of the sample matrix. The level of radiation emitted by the irradiated analyte
atoms can then be determined free from interferences.

Data from neutron activation analyses are recorded in this thesis. The analyses
were performed at two research centres: the Los Alamos National Laboratory,
Los Alamos, U.S.A.; and the Trace Analysis Research Centre, Department of
Chemistry, Dalhousie University, Halifax, Nova Scotia, Canada.
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Figure 2.13 Schematic Diagram of an ICP Mass Spectrometer

The inductively coupled plasma forms at the upper end of the plasma torch.
Samples are introduced to the ICP by conventional solution nebulisation. A portion
of the ionized gas is extracted from the tail flame of the ICP into the mass
spectrometer through a small hole drilled in a water-cooled Cu, Ni, or Ni alloy cone
(into stage 1). The ions are focussed through a differential pumping aperture into

stage 2, containing the quadrupole mass filter and detector.
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2.14 Detection Limits for Elemental Determinations by
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2.4 ULTRAVIOLET-VISIBLE MOLECULAR ABSORPTION
SPECTROSCOPY '

This technique measures the absorption of ultraviolet or visible radiation by
molecular species in solution. Absorbance values are obtained which can be
related to the concentration of the species of interest in solution. So, this
technique can be used for quantitative analyses of solution samples.

All ultraviolet-visible molecular absorption analyses reported in this thesis
were performed using a Shimadzu UV-160A instrument.

2.5 SOLVENT EXTRACTION

2.5 (a) Introduction

Like ion exchange and liquid chromatography, the technique of solvent
extraction uses phase distribution as a separation principle. In trace metals
analysis, solvent extraction is used to perform two tasks: The separation of the
analyte element from chemical species which interfere with instrumental
analysis, and the enrichment of the analyte concentration in solution. The
analyte can be separated from interferants by solvent extraction of the analyte,
or by solvent extraction of the interferants. Clearly, an extraction system must
be used in which the analyte and the interferants are not significantly
coextracted. Concentration enrichment may be required so that the
concentration of the analyte in solution is sufficient to permit quantitative
determinations to be made.

2.5 (b) Principles of Solvent Extraction

Solvent extraction requires the use of a pair of solvents which are essentially
immiscible. For a solute to extract, it must distribute between two solvents
when they are brought into contact as a two phase system. The mixing of two
solvents, in order to allow a solute to reach an equilibrium distribution
between them is termed 'equilibration’. If initially, all of the solvent is present
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in one solvent phase, after equilibration, some of the solute will be distributed
in the other phase. In this way extraction is achieved.

For a solute distributing between two phases, the equilibrium distribution can
be expressed in terms of the distribution coefficient (KD).

xR

= K1 (E2.0)
[x]2 is the concentration of solute x in phase 2.
[x]1 is the concentration of solute x in phase 1.

The Nernst distribution law states that KD is a constant at a particular
temperature, for any total concentration of solute [46]. However, this law is not
thermodynamically rigo rous. In Appendix I it is shown using a more

rigo rous treatment that,

11
Kp= —x K
D 'YZX

Y1 is the activity coefficient for phase 1.
Y2 is the activity coefficient for phase 2.

Variation of the distribution coefficient will result from variations in the
activity coefficients for each of the phases. When the solute concentration is
very low, as is the case for trace metal extractions, the activity coefficients
approach unity and KD can be regarded as constant.

Most solvent extractions involve an aqueous/organic solvent pair. Usually the
component of interest is extracted from the aqueous phase into the organic
phase. It is common for the component of interest to exist as a number of
chemical forms in the solvent phases. In this instance KD does not adequately
describe the distribution of the component between the two phases; the
distribution is then described by the distribution ratio (D).

Co
Ca
Co is the total concentration of the component of interest in the organic phase.

D=

Cj is the total concentration of the component of interest in the aqueous phase.
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For the extraction of a component from an aqueous to an organic phase, the
fraction of the component extracted (F) is given by:

B D

~ D+ (Val/Vo)
V3 is the volume of the aqueous phase.
Vo is the volume of the organic phase.

F

Enrichment of the analyte concentration in solution can be achieved using a
high V/V3 ratio. This equation can be used to determine if the ratio chosen

will give an acceptable value of F.

2.5 (¢) Factors Affecting the Distribution

I'tis important to understand the factors which cause the solute to have a
greater affinity for one phase than the other. Once these factors are understood
conditions can be chosen which are likely to maximise the extraction of the
component of interest.

The following generalisations can be made with respect to solvent extraction
processes: Electrolytes will distribute mainly in the aqueous phase of a solvent
pair; a solute will have the greatest affinity for the solvent which it most
strongly resembles in terms of chemical properties.

Can these generalisations be rationalised in terms of physical interactions at the
atomic level? The position of equilibrium is determined by the free energy
properties of the non-equilibrium standard state (AG®). For a solvent
extraction system at equilibrium,

AG® = -RTInKD
R is the gas constant.
T is the temperature of the system (degrees K).
AG"® is the free energy change for the extraction when all the solute is
transferred from phase 1 to phase 2, where all substances are in their standard
states.




KD (distribution coefficient) gives the position of equilibrium for the solvent
extraction system (not necessarily in the standard state).

AG® = AH®- TAS®
AH® is the enthalpy change for the extraction when all the solute is transferred
from phase 1 to phase 2, where all substances are in their standard states.
AS° is the entropy change for the extraction when all the solute is transferred
from phase 1 to phase 2, where all substances are in their standard states.

For many processes at room temperature, AH® rather than TAS® makes the
major contribution to AG®. The following discussion assumes that this is the
case for most solvent extraction processes.

For solvent extraction AH® is a function of the intermolecular forces which are
disrupted and formed in the process of extraction. The disruption of these
electrostatic forces requires absorption of heat from the surroundings;
therefore it is an endothermic process. The formation of new forces is
exothermic. If stronger forces are disrupted than formed, the overall process is
endothermic; if the reverse is true the process is exothermic.

Electrolytes are generally well solvated in highly polar aqueous solution. A
solvation shell of water molecules surrounds both cations and anions. This is
due to the strong electrostatic attraction between polar water molecules and
charged species in solution. In order for charged species to transfer from an
aqueous to an organic phase, these strong attractive forces have to be disrupted
to be replaced by weak interactions with the organic solvent. So, AH® for the
transfer will be very large and positive, leading to a large positive value for
AG"®. In this case, KD will be very low and almost all the charged solute will be
present in the aqueous phase at equilibrium. In order for a species to extract
significantly into an aqueous phase, it must be uncharged.

It was suggested that a solute will be present mainly in the phase it most closely
resembles in physical properties. Is there a thermodynamic rationale for this
suggestion? Generally intermolecular forces are strongest between species
which are closest in structure and physical properties. For example methanol
interacts strongly with water by participating in hydrogen bonding. Larger
alcohols bear less resemblance to water because they have large non-polar
sections, which do not interact strongly with water. Nonpolar organic
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molecules have strongest interaction with other non-polar organic molecules
with similar structures. This allows good structural alignment thereby
maximising the Van de Waals forces.

Consider a theoretical experiment involving two phases, pl and p2, and a
solute s1. If s1 is closest in physical properties to pl, the transfer of s1 from pl
to p2 will involve endothermic enthalpy change. For the reverse process the
enthalpy change has the same magnitude but is exothermic. AG® for the
forward process will be positive (assuming IAH®[>>ITAS®l), therefore at
equilibrium the solute (s1) will be present mainly in pl. This conclusion is
based on looking at solute-solvent intermolecular forces.

It should be noted that enthalpy change can arise from changes in the level of
disruption of solvent-solvent intermolecular forces caused by solute molecules.
An increase in disruption will occur when a solute transfers to the solvent it
least 'resembles’. So, enthalpy change from this source is in the same direction
as enthalpy change caused by changes in solvent-solute interactions.

2.5 (d) The Application of Solvent Extraction to Trace Metals
Analysis

Often in trace metals analysis the initial step is to get the analyte elements into
solution. Acid digestion of the sample material is commonly used to achieve
this. This provides an aqueous solution which will suffice as the aqueous phase
in a solvent extraction system.

As metal ions in aqueous solution will not extract significantly into an organic
phase, it is necessary to form a metal species which is uncharged, in order to
facilitate extraction. Any water molecules coordinated to the metal must be
replaced so that the metal species does not resemble the aqueous solvent. Strong
extraction can be encouraged by producing a metal species which Tesembles'
the organic phase.

Complex formation and ion association are used to form metal species which
meet the requirements for good extraction. Complex formation can be
achieved by simple monocoordination or by using organic chelating agents. A
mixture of these two approaches is also possible. In forming a complex, water
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molecules in the coordination sphere of the metal ion are replaced. Organic
chelate complexes 'resemble’ the organic phase making good extraction likely.

The formation of coordination complexes with negatively charged ligands, can
lead to charge neutral complexes being formed. Complexes of this type can be
readily extracted into organic solvents. For example, Ged+ extracts as GeClg

from strong HCI solutions into organic solvents [47][48].

Charged complexes will only be strongly extracted as ion association
compounds; the charged complex associates with counter ions to form an ion
association compound. For example, the species [FeH(1,10-phenanthroline)3 2+

(Cl047)2] will extract into nitrobenzene from aqueous solution [49].

2.6 TON EXCHANGE CHROMATOGRAPHY

Ion exchange chromatography allows the separation of metal ions in a sample
solution. Anion exchange resin is used as a stationary phase with aqueous
(usually) sample solution providing a mobile phase. The resins consist of
synthetic cross-linked polymers with attached ionisable functional groups [50].

Cation exchange resins have negatively charged functional groups associated
with positively charged counter ions. Cation exchange occurs when a sample
solution (mobile phase) is passed through the resin. Cations in the solution can
replace the resin counterions and therefore be absorbed by the resin. Anions
and charge neutral species remain unabsorbed.

Anion exchange resins have positively charged functional groups associated
with negatively charged counter ions. Anions in sample solution are absorbed
onto the resin in a manner analogous to the absorption of cations by cation
exchange resin.

Bio-Rad AG 1-X8 anion exchange resin was used in work reported in this
thesis. The resin is made of polymer chains formed by the copolymerisation of
styrene and a small proportion of divinyl benzene. The structure of this resin is
shown below.
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The functional groups are substituted into the ring structure using
chloromethylation followed by reaction with trimethylamine [51].

2.7 MATERIALS

(i) Reagents

Ammonium pyrrolidine dithiocarbamate.—BDH Spectrosol.
Concentrated hydrochloric acid.— BDH Analar 35.4% HCI.

Concentrated hydrofluoric acid.—Merck Pro Analysi 40% HF.
Concentrated nitric acid.—BDH Analar 70% HNO3.

Concentrated perchloric acid.—Baker 'Baker Analysed' reagent, 70% HC1O4.

Aqua regia.—Preparation: Mix one part (by volume) concentrated HNO3 with
three parts concentrated HCL.

HNP acid solution.—Preparation: Mix equal volumes of concentrated HF,
HINO3, and HC1O4.

2-Mercaptobenzothiazole.—May and Baker Pronalys (AR)

Methyl isobutylketone (MIBK).—May and Baker Laboratory Chemical
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PGM complexes (spectrographically pure ).—Matthey SPECPURF
(NH4)2IrCle, (NH4)2RhClg, (NH4)2Ru(H20)Cls,and (NH4)20sClg

Platinum solution.— BDH 1000 ptg/1 platmum chlorlde in 1IN HCl

S-( 1-decyl)-N,N'- dlphenyhsothlouromumA((DDTU) — Preparation: Reflux
11.6 g of n-decyl bromide with 11.4 g of N,N'-diphenylthiourea in 12 ml

98% ethanol for 6 hours. Transfer the product to a beaker and evaporate
the solvent. Dissolve the residue in 75 ml of CCly. Treat the solution with

activated charcoal (0.1 g). Filter the solution through a Whatman no. 542
filter paper. Evaporate the CCl4 and dissolve the residue in CHCI3. Filter

the solution through a Whatman no. 540 filter paper and evaporate the
CHCIl3. The residue is DDTU, a characteristic viscous orange coloured

liquid.

(11) Standard

PTC-1 flotation concentrate._ Canadian Certified Reference Materials Project
standard ore.

(i1) Stock Solution.

1% (w/v) PTC-1 solution._ Preparation: Add 1 g PTC-1 and 10 ml HNP acid
solution to a 25 ml Teflon™ beaker. Heat over a sandbath until fumes of HC104
have disappeared. Add 16 ml of aqua regia and evaporate the solution down to
5 ml. Wash the solution into a separatory funnel with 5 ml of 6 mol/l HCl and
shake for five minutes with 10 m1 MIBK. Pour the aqueous phase into a 100 ml
volumetric flask containing 10 ml of distilled deionised water. Make the
solution up to 100 ml with 3 mol/l HCL.
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3.0 NICKEL SULPHIDE FIRE ASSAY/ICP-MS
DETERMINATIONS

3.0 (a) Introduction

The advent of inductively coupled plasma source mass spectrometry (ICP-MS)
has given the analyst increased capabilities in the area of trace metals
determinations. The sensitivity of this technique matches or betters that of GF-
AAS for many elements, and it has the capability of performing rapid multi-
element determinations on solutions. Because the technique determines relative
1sotopic abundances, isotope dilution can be used to overcome many matrix
effect problems.

All the PGM can be determined in solutions at ng/ml levels or lower, using
ICP-MS (see Figure 2.14). Such high sensitivities are required if the technique
is to be used to determine PGM concentrations in boundary clays. Access to
ICP-MS facilities was sought to allow this possibility to be studied. Facilities at
Memorial University, Newfoundland, Canada were made available. A
collaborative research project was pursued with Professor Henry Longerich of
the Earth Science Department, Memorial University. |

If ICP-MS is to be used to determine PGM levels in a geological sample, the
analyte elements must first be extracted from the material into a suitable
solution. Fire assay procedures are commonly used as an initial extraction step.

Three main functions are performed by fire assay fusions:

(1). A breakdown of the sample matrix. Silicates, chromites and other materials
which are resistant to attack can be broken down by fire assay fusions. Analyte
elements released from these materials then accumulate in the collection
material.

(2). A concentration enrichment of the analyte elements. For example, PGM
from 20 g of sample material can be concentrated in a silver prill of only a few
milligrams in weight, using the lead assay.

(3). Collection of the analyte elements in a simplified matrix of known
composition. The collector material is almost always a simpler matrix than the




original sample. As the bulk matrix of the material varies little for different
samples, standard chemical treatments of the collector can be used with
confidence.

Fire assay procedures have been used since biblical times [52]. Yet the first
known comprehensive account of fire assay procedures was not published until
1574 A.D. [53]. Until the beginning of this century little research was carried
out into the collection of the PGM using these procedures. Today fire assay
procedures are used in conjunction with a wide range of instrumental
techniques to determine PGM in geological materials.

In the classical fire assay technique, noble metals are collected in a lead button
containing a few mg of silver. Cupellation of the button then gives a silver prill
containing the other noble metals [54]. These procedures require specialist
furnace equipment and can lead to losses of Os, Ru, and Ir [55].

Other fire assay techniques have been developed because of the losses for some
noble metals. These techniques are best classified in terms of their collector
materials. The most common alternative collectors are NiS, Fe/Cu/Ni alloy, and
Sn.

It was decided to investigate the potential of the NiS fire assay system as a
collector of PGM from K/T boundary materials. Because the technique uses a
lower fusion temperature (1,000 °C) than the other techniques mentioned, no
specialist furnace equipment was required.

3.0 (b) Nickel Sulphide Fire Assay

(1) The Fusion Process

The NiS fire assay procedure involves fusing the geological sample with a
mixture containing a flux and elemental Ni and S. During the fusion, Ni is
oxidised and sulphur is reduced to form a molten bead of NiS. The PGM collect
in the NiS phase of the fusion melt.
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Robert et al used NiS beads of about 25 g in weight to collect PGM from
sample weights of typically 50g [56]. For work with K/T boundary materials,
smaller samples and bead weights are desirable. This is because, often only
small quantities of sample material are available. All the fusions in this study
used 0.5-1.0 g sample weights, and quantities of fusion material that give a bead
weight of about 0.9 g.

To perform a fusion, the sample is mixed with about 0.4 g of S, 0.64 g of Ni,
1.2 g of NaCO3, 2.4 g of NapB407.10H20, and 0.4 g Si. The mixture is then
transferred to a fire-clay pot. To begin a fusion the pot is placed in a furnace at
600 °C and the temperature is allowed to rise to 1,000 °C. The pot is then left
in the furnace at this temperature for 90 minutes. Then it is removed and
allowed to cool. To obtain the NiS bead, the pot is placed inside a cloth and
broken with a mallet. The bead does not adhere to the slag and is easily
removed.

(ii) Pot Manufacture and Desien

Pots of different designs were produced. Each design was tested to see if it
afforded easy removal of the bead after fusion and good separation of the bead
from the slag. The best pot was found to be one with a conical shaped cavity,
slightly rounded at the bottom to allow a spherical bead to form. It was found
that the pot base needed to be at least 1 cm thick to prevent cracking of the pot
and spillage of the contents. Figure 3.0 shows one of the pots intact, and also a
pot that has been broken open after fusion, to reveal a silvery NiS bead.

The fusion pots were produced by the following steps:

(1). Clay (Winstone modelling clay) was placed in a plaster-of-Paris mould.
(2). A moistened pear-shaped flask was rotated down into the clay to form the
pot cavity.

(3). The clay was allowed to dry partially and then the pot was removed from
the mould.

(4). The pot was further dried in an oven at 100° C for 12 hours.

(5). The pot was fired at 1,000 °C for two hours.

Figure 3.1 shows a pot being shaped, using a plaster-of-Paris mould and a pear-
shaped flask.
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Figure 3.0 Fire Assay Pots

Figqure 3.1 Moulding an Assay Pot
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(ii1) Nickel Powder Purity

Significant levels of the PGM are often present in Ni ores. For this reason
commercially available Ni powders and compounds are often contaminated with
PGM. This problem was observed with a nickel powder obtained from a
Canadian source (INCO); high blanks were observed when this powder was
used to prepare samples for analysis by GF-AAS. Determination of Ir and Rh
in the powder by INAA ( 0.28 and 0.43 Lg/g respectively), confirmed that the
powder was heavily contaminated. The determination was carried out at
Dalhousie University using a Slowpoke research reactor.

Contamination problems were greatly reduced by obtaining high purity nickel
powder from INCO, via a New Zealand welding products manufacturer. The
powder had been purified by the carbonyl process. ICP-MS analyses of reagent
blanks showed only low level contamination.

3.0 (¢)  Elemental Separations and ICP-MS Analyses

(1) Matrix Constraints for ICP-MS Analvses

The PGM contained in a NiS bead can be taken into solution by dissolving the
bead in aqua regia. Unfortunately such a solution is not suitable for ICP-MS
analysis. Problems with high acid concentration can be overcome by boiling the
solution down to constant boiling HCI and then diluting by a factor of three.
Matrix problems associated with the presence of dissolved bead constituents are
not easily solved. One such problem is salt buildup when solutions containing
more than 1000 pg/ml of dissolved salts are analysed [57]. A problem more
specific to bead solutions, involves signal enhancement or suppression
(depending on the element being detected) due to the presence of Ni. As little as
50 pg/ml of Ni can cause significant matrix effects [58].

Clearly the PGM need to be separated from the major constituents of the NiS
bead before they are determined by ICP-MS.
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(i1) Insoluble Sulphide Filtration

Robert et al [56] used a simple procedure to separate the PGM in a NiS bead
from the major bead constituents . They dissolved a crushed NiS sulphide bead
in HCI, and filtered off the residue containing insoluble PGM sulphides. The
authors used this separation technique to handle milligram quantities of the
PGM. There is however, no guarantee that the metals are insoluble when they
are in microgram quantities. An experiment was conducted to check whether
PGM in microgram quantities can be filtered off after bead dissolution. The
following steps were performed:

(1). An artificial sample containing known amounts of Ir was prepared.

(2). Subsamples of this material were processed by NiS fire assay, thereby
producing NiS beads. )

(3). The beads were crushed and dissolved in concentrated HCI.

(4). The resulting solutions were filtered by Millipore and Whatman 452
filters.

(5). The filters were ashed in 20 ml beakers.

(6). Aqua regia was added to the beakers and boiled down to constant boiling
HClL.

(7). The resulting solutions were diluted to 2 mol/l strength HCl and then
analysed by ICP-AES for Ir. In all cases the Ir recoveries were found to be
lower than 5%. This indicates the filtering process is an ineffective method for
separating the PGM from the base metals of the bead when the metals are in
microgram quantities.

(ii) Anion Exchange Separation.

Kraus and Nelson [59] investigated the absorption of metal ions onto an anion
exchange resin (Bio-Rad AG 1-X8) from HCI solutions ranging from 0.1 to
12.0 mol/l in concentration . They found that Ni2+ was not significantly
absorbed by the resin from any of the solutions tested. Yet they found all the
PGM can be absorbed depending on the conditions. Thus, their findings indicate
anion exchange may offer a means of separating the PGM from the Ni in the
bead solution.




The absorption of metal ions from HCI solutions onto Bio-Rad AG 1-X8 resin
is due to the formation of their anionic chloro-complexes. The nature of the
complexes formed and their stabilities are dependent on-the metals involved,
their oxidation states and the HCI concentrations. The affinity of the metal for
the resin is therefore dependent on these factors.

A scheme was devised to prepare samples for analysis by ICP-MS using Bio-
Rad AG 1-X8 resin. The scheme is as follows:

(1). Collect PGM in a NiS bead.

(2). Dissolve the bead in 20 ml of aqua regia and filter off the sulphur
precipitate.

(3). Ash the filter paper containing the sulphur in a furnace.

(4). Redissolve the ash in aqua regia.

(5). Combine the aqua regia solutions and boil down to a volume of 5 ml.

(6). Dilute this solution to give 30 ml of approximately 1 mol/l HCI.

(7). Prepare a column of height 6 cm with Bio-Rad AG 1-X8 resin which has
been equilibrated with 1 M HCI.

(8). Pass 30 ml of sample solution through the column.

(9). Wash the column with 0.1 mol/l HCI until most of the Ni has been
removed.

(10). Remove the resin from the column and allow the resin to dry.

(11). Post the resin to Memorial University for ICP-MS analyses.

Once the resin had been received at Memorial University it was ashed and the
ash was dissolved in aqua regia to take the PGM into solution. This solution was
then evaporated to low volume, diluted, and analysed for the PGM by ICP-MS.

A 0.5 g sample of PTC-1 was analysed using the scheme outlined above. Eluant
fractions were collected when Ni was eluted from the column. Most of the Ni is
removed from the column in the first 40 ml of eluant. The 40-45 ml eluant
fraction contained only 30 pg/ml of Ni. Washing of the column with 0.1 mol/l
HCl was stopped after 45 ml of eluant had been collected. A reagent blank was
processed in the same manner as the sample. Analyte concentrations obtained
for the reagent blank were subtracted from those obtained for the sample, to
give true sample values. The observed PGM abundances in PTC-1 were all well
below the recommended values, the best value being for Pt with 42% of the
recommended value. No recovery was observed for Ru and Os. This was
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expected as the volatile tetroxides of these elements should have been lost from
boiling aqua regia.

(1v) Separation by Coprecipitation.

Following the disappointing results obtained using the anion exchange resin
separation method, a new procedure was tried. This involved an attempt to co-
precipitate the PGM with Te, from an HCI solution in the manner described by
Marhenke and Sandell [60].

Steps (1) to (5), of the separation scheme given in subsection 3.2 (c), were used
to process a 0.5 g sample of PTC-1. The resulting solution was diluted to give a
solution with approximately 2 mol/l strength HCI. The solution was then sealed
in a glass vial and sent to Memorial University along with a reagent blank
solution. Tellurite was then added to the solutions. This was reduced with SnClp
to give a Te metal precipitate. The precipitate was then filtered off and
dissolved in aqua regia. The resulting solution was diluted fifty times and
analysed by ICP-MS. From the results obtained, concentration values for the
PGM in PTC-1 material were calculated. For Rh and Pd the values were 0.68
and 11.46 pg/g respectively, which are close to the accepted values of 0.62 and
12.7 pg/g. The calculated value for Pt was 60% of the recommended value.
None of the other PGM were significantly recovered. The loss of Os and Ru, as
volatile tetroxides, probably occurred when the NiS bead was boiled in aqua
regia.

While this avenue of research was promising, especially in terms of
determining Pd and Rh in geological materials, changes in funding policy at
Memorial University made it impossible for us to continue using the ICP-MS
facilities there. It was therefore necessary to seek other methods of determining
the PGM in geological materials.

() Distillation of Volatile Tetroxides

Dissolution of Os and Ru in boiling aqua regia results in the loss of these
elements (as volatile tetroxides) to the atmosphere. In order to try and
determine Os and Ru a new approach was tried which did not involve
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dissolution in aqua regia. The approach involved distillation of Ru and Os
tetroxides from a flask containing a crushed NiS bead and HC1O4 (hot
perchloric acid readily oxidises Os and Ru to the octavalent state [61]). The
volatile tetroxides were distilled over into a separating funnel containing a
collection liquid (perchloric acid).

Figure 3.2 shows the equipment used for the distillations. The equipment is the
same as that used to determine Os isotope ratios in geological materials (work
not reported in this thesis) [31]. In that work, OsO4 was distilled over into a
separating funnel along with perchloric acid. The OsO4 was then extracted into
chloroform and then back-extracted into 0.5 mol/l sulphuric acid containing
thiourea. This gave analyte solutions with the same bulk composition for each
sample, which could be analysed directly by ICP-MS.

The distribution coefficient (KD) for the distribution of OsO4 between
chloroform and 70% perchloric acid is 13 [62]. Using lower acid
concentrations (down to about 25% HCIO4) does not alter the coefficient [62].
For phases of equal volume, a distribution coefficient of 13 equates to a
percentage extraction of 93%. Because this value is known, a correction can be
made to the final analytical results to allow for the incomplete extraction. The
back-extraction of Os into a solution of thiourea in sulphuric acid, occurs
because of the reduction of OsO4 to the charged [Os(NH5.CS.NH2)g]3+ species,
which is hydrophilic. Complete extraction occurs even when the organic phase
volume is five times greater than the aqueous phase volume [62]. Therefore the
back-extraction step can be used to give a concentration enrichment.

The separation scheme for Os mentioned above was tested to see if Ru
separation occurs in the same manner. This is possible because the elements
have similar chemical properties. A trial distillation of Ru showed that more
than 99.5% of the element distils over into the collection vessel in the first 5 ml
of distillate. When the distillate was equilibrated with an equal volume of
chloroform only 81% extraction was observed. These results were obtained by
analysing the solutions by ICP-AES.

The 81% extraction of Ru into chloroform was disappointingly low. However
this level of extraction was not necessarily a true reflection of the distribution
of RuO4 between the aqueous and organic phases; some of the Ru in the
distillate may have been of a lower oxidation state. The RuO4 compound is
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more easily reduced than OsO4. This factor has been used to separate Os from
Ru [63]. Unfortunately organic impurities in chloroform can reduce RuO4 and
thus prevent Ru extraction [64].

A second distillation of RuO,4, was carried out followed, as before, by an
extraction into chloroform. This time, redistilled chloroform and oxidising
agent (NalO4) were added to the aqueous phase. From ICP-AES analyses of the
aqueous phase before and after extraction, a distribution coefficient of 38 was
determined for the system. The distribution coefficient for the previous
extraction was only 4.3 (81% extraction).

Unlike Os, Ru does not back extract from chloroform into a sulphuric acid
thiourea solution. A Ru compound analogous to [Os(NHz.CS.NH2)6]3+ can be
formed. However its formation requires prolonged heating in the presence of
hydrochloric acid, ethanol, and thiourea [65]. Back extraction can be performed
into alkaline solution [66], or solutions containing reducing agehts such as
sulphurous acid [67]. This promising line of research was abandoned because of
funding policy changes for ICP-MS facilities at Memorial University.

(Y1) Colorimetric Determination of RuO4 in Chloroform

During work with chloroform extractions, a colorimetric method was
discovered which allows levels of RuO4 in chloroform to be determined. The
discovery occurred when a cu vette containing RuO4 was washed out with
acetone. A dark brown colour developed in the washings.

Mixtures of acetone and chloroform in different proportions, containing RuO4,
were tested in order to find a mixture suitable in colorimetric tests. A mixture
containing equal volumes of chloroform and acetone was found to give a good
compromise of absorption intensity and stability. Full colour development
occurred within two minutes of mixing. Figure 3.3 shows a molecular
absorption spectrum for such a solution containing 50 ptg/ml Ru (100 jtg/ml Ru
in the original chloroform). Figure 3.4 shows a calibration curve for the
system.
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1 _JODIDE MPLEX ANION EXCHANGE

The use of anion exchange resin to separate the PGM from a geological matrix
was mentioned in subsection 4.0 (c¢). This relied on the formation of the anionic
chloro-complexes of the PGM. The highest recovery obtained was 42% for Pt.
The Pd2+ ion is classed as a soft acceptor [68]. It forms stronger complexes
with I - than the less polarisable Br™ and Cl ™ anions. In the presence of I -
JPd2+ forms the [PdI4]2- species [69]. Similarly Pt2+ is a soft acceptor which
readily forms the [PtI4]2' species in the presence of I- [69]. The use of HNP
mixed acid solution (see Section 2.7) to digest a geological sample is likely to
oxidise any Pt to Pt4+. In solution, Pt4+ preferentially binds with I -, rather
than with Br - and CI- [70]. The species formed is probably [PtI6]2'. The
absorption of [PdI4]2‘ and [PtIg]2- onto anion exchange resin was investigated.

3.1 (a) Distribution Coefficients

Bio-Rad AG 1-X8 resin was found to strongly absorb Pt2+ and Pd2+ from a
solution of 1% KI in 2 mol/l HCL. The distribution coefficients for this process
were found to be 320 and 480 respectively. The following steps were used to
determine these values:

(1). Take a quantity of Bio-Rad AG 1-X8 resin which has been equilibrated
with a 1% solution of KI in 2 mol/1 HCI.

(2). To the resin add a known mass of a 1% solution of KI in 2 mol/l containing
known masses of Pt2* and Pd2+ species.

(3). Shake the solution and resin for half an hour.

(4). Determine the masses of Pt and Pd remaining in the aqueous phase.

(5). Calculate the masses of Pt and Pd which are absorbed on the resin.

(6). Calculate the distribution coefficient using the following formula:

Ares x Msoln
KD =
Agoln X Mres

Ares, is the mass of analyte in the resin after equilibration.
Asoln, is the mass of analyte in the solution after equilibration.
Mres, is the mass of the resin.

Msoln, 1s the mass of the solution.
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Figure 3.3 Molecular Absorption Spectrum

The molecular absorption spectrum due to a Ru species, formed when acetone was
added to a solution containing RuO4 in chloroform. The volume of acetone added
was equal to the volume of chloroform present. The inital chloroform solution
contained 100 pg/ml of Ru. Therefore the acetone/chloroform mixture contained 50
ug/ml of Ru. The spectrum was obtained using a Shimadzu UV-160A u.v.-vis.
molecular absorption spectrophotometer.
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Figure 3.4 Calibration Curve for the Determination of Ru_in

Chloroform ,
Variation of absorbance, with the concentration of Ru in a 1:1 mixture of chloroform
and acetone. The absorbances were detertermined using u.v.-vis. molecular
absorption spectrophotometry at a wavelength of 444 nm. The absorbing species is
formed when acetone is added to a solution containing RuO4 in chloroform.
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For a column of resin of height, h, and cross-sectional area, A, the volume of
eluant, V, needed to elute an analyte element is given by the formula,
V=hxAx({+ KD).
The symbol 1, represents the fractional interstitial space (usually ca. 0.5) in the
packed column. If Kp> 100 this term becomes insignificant and the equation
simplifies to,
V=hxAxKbD.
If his 5 cm, and A is 0.75 cm?2, then V for Ptis 1,800 cm3, and V for Pd is
1,200 cm3.

3.1 (b) _Elution Trial

To test the feasibility of separating Pt and Pd iodide complexes from other
metals in geological samples, an experiment was carried out using PTC-1
standard ore.

A 2% PTC-1 solution was prepared (see Section 2.7). Then 5 ml of this

solution was mixed with 0.5 ml of 10% KI solution; unfortunatelyl a precipitate
solution

formed. The addition of more iodide solution (1 ml of 100% KI¥ caused the

peecipitete  to dissolve. Then the analyte solution was passed through a column of

Bio-Rad AG 1-X8 resin (h =5 c¢m, and A = 0.75 cm?2).

The column was washed with 2 mol/l HCI. Eluant fractions were collected and
these were monitored for K, Cu, Ni, and Fe by F-AAS. Elution curves for
these metals are shown in Figure 3.5. The initial fractions contained very high
concentrations of K, Cu, Ni, and Fe. These concentrations were well outside the
linear sections of the F-AAS response curves. However, no attempt was made to
dilute the solutions. This was because the aim of the experiment was to
determine how much eluant was required to elute most of the K, Cu, Ni, and
Fe; this does not require the metal concentrations in the initial fractions to be
known.

Figure 3.5 shows points (marked with arrows) on the elution curves where the
metal concentrations drop to 1 pg/g. After 18 ml of solution have passed
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Figure 3.5 Elution Curves for PTC-1 Constituents from

Anion Exchange Resin

Plot of absorbance (and transmittance) for four metals in eluant fractions, as
determined by F-AAS (and F-AES), versus volume of solution eluted from a column
of Bio-Rad AG 1-X8 resin. The inital sample solution which passed through the
column was a mixture of a 2% PTC-1 solution and a Kl solution. Then a 2 mol/l HCI
solution (eluant) was passed through the column. Arrows indicate where the
concentrations of metals in the eluant have fallen to 1 pg/g. Absorbances were
determined for Cu, Ni, and Fe, by F-AAS. Transmittances were determined for K, by
F-AES.
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through the column the K, Cu, Ni, and Fe concentrations in the eluant have all
dropped below 2 1g/ml.

3.1 (¢) Replicate Determinations of Platinum _and Palladium in
PTC-1

Replicate determinations of platinum and palladium in PTC-1 were performed.
The following steps describe the process used to perform each determination:

(1). Equilibrate some Bio-Rad AG 1-X8 resin with a solution of 1% KI in 2
mol/l HCL

(2). Use the resin to prepare an ion exchange column of height 5 cm and cross-
sectional area of 0.75 cm?2. _

(3). Add 1 ml of 100% K165 Tal of 2% PTC-1 solution, to give 6 ml of
analyte solution.

(4). Pass the analyte solution through the resin.

(5). Wash the column with 2 mol/l HCI until 18 ml of eluant has been collected.
(6). Place the resin in a Pyrex beaker and dry the resin in an oven at 100 °C.
(7). Ash the resin at 500 °C in a muffle furnace.

(8). Dissolve the ash with 5 ml of aqua regia.

(9). Boil the aqua regia until only approximately 1.5 ml of solution remains.
(10). Take 0.5 ml of solution and dilute it five fold with 6 mol/l HCl. Analyse
the dilute solution for Pd using GF-AAS.

(11) Take some of the undiluted analyte solution and determine its P+ content
using GF-AAS. The furnace program used for P+ determinations in aqueous
solutions is given in subsection 2.0 (e).

In all, one reagent blank and eleven sample determinations were performed.
The results are shown in table 3.0. Including blank subtraction, a value of 10.4
Lg/g was obtained for the concentration of Pd in PTC-1, with a standard
deviation of 1.8 p1g/g. The recommended concentration value is 12.7 pg/g. The
precision and accuracy of the technique are too poor for it to be used to analyse
geological samples for Pd. The results for Pt were much lower than the
recommended value, indicating the high iodide concentration required to
prevent precipitation may have suppressed the absorption of Pt by the resin.




TABLE 3.0 REPLICATE DETERMINATIONS OF PLATINUM AND PALLADIUM IN PTC-1 BY GF-AAS

Sample | Mass of | Volume | Absorbance |Concentration] Mass of | Concentration| Absorbance |Concentration| Mass of | Concentration
Number the of the | Reading for of Pd in Pd in of Pd in Reading for of Pd in Pt in of Pt in
Analyte | Analyte Pd in Diluted (5x) JUndiluted PTC-1 Pt Analyte Analyte PTC-1
Solution] Solution| Diluted (5x) Analyte Analyte Solution Solution
Solution Solution Solution
(9) (ml) (ng/ml) (ng) (ng/g) (ng/ml) (9) (na/g)
1 1.414 1.288 0.212 0.197 1.27 12.7 0.201 0.179 0.231 2.3
2 1.687 1.536 0.133 0.123 0.95 9.5 0.057 0.051 0.078 0.8
3 1.600 1.457 0.174 0.102 1.18 11.8 0.067 0.060 0.087 0.9
4 1.930 1.758 0.114 0.106 9.3 9.3 0.070 0.063 0.110 1.1
5 1.845 1.680 0.129 0.119 1.00 10.0 0.117 0.105 0.180 1.8
6 2.130 1.940 0.153 0.142 1.38 13.8 0.085 0.076 0.147 1.5
7 1.970 1.794 0.117 0.108 0.97 9.7 0.046 0.041 0.074 0.7
8 1.951 1.777 0.115 0.106 0.94 9.4 0.680 contamination — —
9 1.733 1.578 0.159 0.147 1.16 11.6 0.096 0.068 0.135 1.4
10 1.864 1.698 0.138 0.128 1.09 10.9 0.071 0.063 0.108 1.1
11 1.896 1.727 0.134 0.124 1.07 10.7 0.058 0.052 0.089 +0.9
blank
gt 10.8 1.2

LS



58

3.2 SOLVENT EXTRACTION OF A RHODIUM CHELATE
COMPLEX

3.2 (a) Studies of Extraction from Pure Solutions

Ryan [71] found Rh could be extracted from HCI solutions into chloroform
after the formation of Rh chelate complexes with substituted 2-mercaptothiazole
compounds. Diamantatos [72] used 2-mercaptobenzothiazole (2MBT) to extract
Rh and Ir into chloroform. In a later paper Diamantatos described a separation
scheme involving the use of 2-mercaptobenzothiazole to extract Rh and Ir into
MIBK from HCI solutions [73]. The author reported that following the addition
of 2MBT, it was necessary to heat the acid solutions to effect complex
formation. ‘

An attempt was made to extract Rh and Ir from a pure 6 mol/l HCI solution,
using the 2MBT/MIBK system. While 100 % extraction was achieved for Rh,
only 69 % extraction was achieved for Ir. No further investigation into the
extraction of Ir was carried out because this element is easily determined by
NAA, and because even if matrix separation was achieved, Ir determinations in
boundary clays would not be possible using our GF-AAS instrumentation (the
technique is not sufficiently sensitive for Ir).

An experiment was conducted to determine the effect that varying the acid
concentration of the aqueous phase, has on the distribution coefficient for Rh
extraction. For the extractions, 0.005 g of 2MBT was added to 25 Ltg of Rh in
each HCI solution. The results of the experiment are plotted in Figure 3.6. The
values of KD were calculated using the following formula:

- (4 1): ()

Mi is the mass of Rh in the aqueous phase before extraction.
Mf is the mass of Rh in the aqueous phase after extraction.
Va is the volume of the aqueous phase.

Vo is the volume of the organic phase.

The strongest extraction occurred where the HCI concentration in the aqueous
phase was 6 mol/l. This was the strongest acid concentration used in the trial.




Higher acid concentrations were not used because this increases the solubility
of the MIBK in the aqueous phase [74].

Obviously the degree of complex formation has a major bearing on the degree
of extraction. This is influenced by the heating time. It was found that at least
50 minutes of heating is required to achieve maximum Rh extraction. A
heating time of 60 minutes was chosen for subsequent analyses to ensure
maximum extraction. Curiously Diamantatos [73] found full extraction
occurred after only 15 minutes of heating.

3.2 (b) _Extraction from a Geological Matrix

Diamantatos [73] used the 2MBT/MIBK extraction system to facilitate the
determination of Rh in Cu-Ni converter matte. In his scheme, most of the base
metals in the matte were removed by dissolution with HCI, followed by
filtering.
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Figqure 3.6 Optimization of Acid Concentration for Rh
Extraction

Variation of the distribution coefficient with acid strength, for Rh extraction from HCl
solutions, into MIBK. The extractions involved using 2-mercaptobenzothiazole
(2MBT) as a chelating reagent. For each extraction, 5 ml of an HCI solution
containing 5 pg/ml of Rh, was mixed with 0.5 mlof a 1% solution of 2MBT in ethanol.
The mixing was performed in test-tubes. Each tube was then placed in boiling water
for one hour. Then 5 ml of MIBK was added to each tube, and the aqueous and
organic phases were equilibrated for ten minutes to allow extraction to occur.
Determinations of the masses of Rh remaining in the aqueous phases, after
equilibration, were performed by GF-AAS usingthe 343.5 nm absorbance line.
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The insoluble PGM were then filtered off for further processing. As
mentioned in subsection 3.0 (c), a procedure such as this is not suitable for the
determination of the PGM in K/T boundary sediments. This is because there is
no guarantee that the PGM can be filtered off when they are in nan ogram
quantities. At these levels the PGM may be soluble, or form colloidal
aggregations which may pass through the filter.

The determination of Rh in PTC-1 standard ore, using the 2MBT/MIBK
extraction system, was attempted without using an initial HCI dissolution and
filtration step. A 1% PTC-1 solution was produced (see Section 2.7). Then 5
ml of this solution was added to a test-tube along with 0.5 ml of 2MBT. As
before, the tube was placed in boiling water for an hour to allow complex
formation. This was followed by the usual equilibration with MIBK. This
procedure was performed for five aliquots of the PTC-1 solution.
Unfortunately Rh was not found in any of the five MIBK phases. This was
probably due to the scavenging of the 2MBT ligand by other metals in the
solution.

Subsequent determinations of Rh in PTC-1 were performed with higher levels
of 2MBT. A large excess of 2MBT can lead to the formation of a precipitate
which does not completely dissolve during the extraction with MIBK. So, it
was necessary to have a level of 2MBT in the extractions which would allow
Rh to be extracted into the organic phase, but not cause the formation of a
precipitate.

When 0.02 g of 2MBT is used in an extraction involving 5 ml volumes of
PTC-1 solution and MIBK, no precipitate remains after equilibration, and the
subsequent analysis of the MIBK phase for Rh indicates that PTC-1 has a Rh
abundance of 0.74 |1g/g. This value is significantly higher than the
recommended value of 0.62 pg/g.

The MIBK phase (after extraction) exhibited a deep orange colour. This
indicated that high concentrations of other metals had been co-extracted with
the Rh. Thus the high results for Rh could have been due to matrix effects.
Determinations of Rh in the MIBK phase using standard additions, gave a more
credible result; PTC-1 was determined to have a Rh abundance of 0.67 Lig/g.
This result represents the mean result of ten determinations having a relative
standard deviation of 6.6 %.
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Toluca (iron) meteorite has microgram quantities of the PGM contained within
a simpler matrix than PTC-1. An attempt to determine Rh in Toluca, without
standard additions, was successful; replicate determinations gave abundances of
1.1, 1.0, and 1.0 pug/g which compare well with the value of 1.1 + 0.1 pg/g
determined by Nichiporuk and Brown [75], and 1.28 pLg/g determined by Ryan
et al [76]. The procedure used to determine Rh in Toluca meteorite was as
follows:

(1). Accurately weigh about one gram of meteorite shavings into a Teflon
beaker.

(2). Add 10 ml of HNP mixed acid solution (see Section 2.7) to the beaker,
and evaporate to dryness on a sandbath.

(3). Repeat step (2).

(4). Add 16 ml of aqua regia to the beaker and evaporate down to about 5 ml
of solution on a sandbath.

(5). Shake the remaining 5 ml of acid solution with 5 ml of MIBK. Separate
the phases and retain the aqueous phase (raffinate) for further processing. This
step removes most of the Fe from the aqueous solution.

(6). Add the raffinate to a 100 ml volumetric flask, and make it up to the mark
with 6 mol/l HCI. Shake the flask.

(7). Take an aliquot of 2 ml from the volumetric flask, and place it in a test-
tube with 1 ml of 1 % 2MBT/ethanol solution. Place the tube in boiling water
for an hour.

(8). Cool the tube to room temperature. Add 1 ml of MIBK to the tube and
mix the phases for ten minutes.

(9). Following equilibration, determine Rh in the MIBK phase by GF-AAS.

Two Flaxbourne River K/T boundary samples were analysed for Rh. A full
description of the Flaxbourne River K/T boundary sequence is given in
Chapter 6. The two samples chosen, were the samples containing the highest Ir
abundances. Sample (A) was removed from the interval -2 to -1 cm below the
boundary. Sample (B) was removed from the interval O to +1 cm above the
boundary. Each sample was analysed three times using a modification of the
procedure used for Toluca meteorite. For the boundary samples, step (6) of the
procedure was deleted, and step (5) was altered so that the acid solution was
evaporated down to 2 ml. Standard additions were not used. This is because the
most abundant base metal constituents of PTC-1 (Fe,Cu,Ni) should not cause
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interference problems with boundary sediment Rh determinations; the
concentrations of Cu and Ni in boundary clays are generally less than 1% of
their concentrations in PTC-1 and Fe is removed anyway.

Both sets of analyses gave extremely poor precision. For (A) the results were
5.2,3.7, and 4.5 ng/g; for (B) they were 1.0, 2.3, and 2.9 ng/g. Due to the
imprecision of the results, no meaningful conclusions could be drawn from the
data. Further investigations may lead to refinements in the method that would
allow it to be applied to boundary sediments.

3.3 THE DDTU/MIBK SOLVENT EXTRACTION SYSTEM

Jones et al have reported an extraction system for the PGM involving the S-(1-
decyl)-N,N- diphenyl isothiouronium (DDTU) ligand [77]. Théy investigated
the extraction of various PGM ions from HCI solutions into a 5% solution of
DDTU in diisobutylketone (DIBK). Their choice of DIBK as the organic
solvent was made because they consider it to be the best solvent for direct
determinations by F-AAS. They noted that DDTU is also soluble in MIBK. So,
the extraction system could also be used with this solvent.

Extractions of Rh3+, Pd2+, and Pt#+ ions were investigated using the
DDTU/MIBK system. These oxidation states were chosen because they are the
most likely states to occur in a rock solution under oxidising conditions. The
extractions were performed from a range of HCI solutions into a 5% solution
of DDTU in MIBK. Distribution coefficients for the extractions were
calculated. The method used to determine the distribution coefficients was the
same as that used for the 2MBT/MIBK system (see subsection 3.2 (4)). The
analyses of the aqueous phases were performed by F-AAS. Table 3.1 lists the
distribution coefficients for the extractions.

The levels of extraction achieved for Rh and Pt were too low to warrant
further investigation of the system for these elements. The distribution
coefficients for Pd, indicate that the DDTU/MIBK extraction system could be
used in a separation scheme to facilitate the determination of Pd in geological
materials. However this was not pursued because the APDC/MIBK system
offers superior levels of extraction for this element.




Table 3.1 Distribution Coefficients for the Extraction of Rhodium
(3+),Palladium (2+).and Platinum (4+) from HCI Solutions into a
DDTU/MIBK Solution

Hydrochloric Acid Distribution Coefficient (KD)

Strength
(mol/1) Rh3+ Pd2+ ptd+
2.0 18 76 28
3.0 11 55 26
4.0 5 49 20
5.0 2 49 9
6.0 0 16 8

The extraction of Ru, Os, and Ir with the DDTU/MIBK system, was not
investigated; Jones ef al showed the extraction efficiencies for these elements
were too low to use in separation schemes where a concentration enrichment is
required. The poor sensitivity of GF-AAS for Os and Ir would prevent their
determination in boundary sediments, even if they could be separated from the
bulk geological matrix. h

3.4 THE APDC/MIBK SOLVENT EXTRACTION SYSTEM

3.4 (a) Introduction

The analytical significance of ammonium pyrrolidine dithiocarbamate (APDC),
as a ligand for metal complexes extractable into methyl isobutyl ketone
(MIBK), was first suggested by Malissa and Schoffmann [78]. Following this
early report, numerous other workers employed extraction of APDC-metal
complexes into organic solvents (usually MIBK) for the determination of trace
elements in brines [79], and seawater [37]. There have however, been very few
examples of the use of the APDC extraction system for samples other than
natural waters, although there has been a report of its use at pH 2.4 for
determining heavy metals in fish samples [80] and for precipitation at pH 3 of
heavy metals directly onto a graphite furnace preparatory to electrothermal
atomic absorption analysis [81].

Although extraction of metal-APDC complexes from aqueous solutions in the
pH range 2-14 has been considered the standard procedure, it has not
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previously been appreciated that some of these complexes can be extracted from
strongly acidic solutions (which are essential to make solutions of geological
materials).

An initial experiment indicated that Pd is greatly extracted from 2 mol/l HC1
into MIBK, when APDC is used as a chelating agent. This indicated the
possibility that other metals — including other PGM— would extract as APDC
complexes from strong acid solutions.

The extraction of PGM into MIBK from a range of HC1 and HNO3 solutions,
was investigated. Acid concentrations up to 6 mol/l were used. Concentrations
above 6 mol/l cannot be used for solvent extraction because of the increased
miscibility of the MIBK with the aqueous phase. Also, experiments were
carried out to see if the PGM are extracted from HCI solutions into MIBK
(without the use of APDC) as their chloro-complexes. Strong extraction of
these would indicate that extraction where APDC was present, rhight also be
due to the chloro-complexes.

3.4 (b) Experimental

The extractability of PGM-APDC complexes was determined by equilibrating
equal volumes of organic or aqueous phases, and determining the
concentrations of the metal ions in the aqueous phases before and after
equilibration. When extraction was not excessively great, it was possible to
carry out these determinations by F-AAS. When extraction was very great, so
that the residual metal concentrations in the aqueous phases were very small,
determinations of the metal concentrations were performed by GF-AAS.

Extractions were carried out on 5 ml aliquots of three sets of solutions
prepared as follows:

(1). Solutions of 0, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, and 6.0 mol/1 HCI.
(2). As for (1) but with addition of 0.01 g APDC to each aliquot.
(3). HNO3 solutions of the same strength as (1) and with the addition of 0.01 g

APDC to each aliquot.

The original metal ion concentrations in the aqueous phases ranged from 10-
200 pg/ml, depending on the analytical sensitivity of the metals concerned. The
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oxidation state of each metal was chosen to represent the most likely state
expected to be found in a rock solution prepared under oxidising conditions
(e.g. Pt4+ rather than Pt2+). This was in order to approximate the actual
conditions likely to be encountered in the course of the silicate rock analysis.

3.4 (c) Extraction Results and Discussion

Figure 3.7 shows the percentage extraction into MIBK of six PGM ions as a
function of concentrations of mineral acids, with and without addition of
APDC. Table 3.2 gives values of the distribution coefficient (KD) for the
extraction of each ion from 2 mol/l solutions of HNO3 and HCI with and
without addition of APDC. An acid strength of 2 mol/l is the minimum
strength required for a stable rock solution.
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Figure 3.7 Curves for the Extraction of PGM Complexes into MIBK
Variation of extraction of PGM species into MIBK from hydrochloric and nitric acid
solutions, with and without addition of APDC; (——) HNO3 + APDC; (----- ) HCI +

APDGC; (- ) HCI only.
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Table 3.2 Values of Kp for the Extraction of PGM lons into MIBK
from Acid Solutions with and without APDC

lon Aqueous Phase for Extraction

2 mol/l HCI 2 mol/l HCI 2 mol/l HNO3

with APDC with APDC
I+ <0.01 3.00 24
Os4+ <0.01 <0.01 <0.01
Pd2+ 0.05 8000 -
Pt4+ <0.01 3.50 3.00
Rh3+ 0.04 1.40 0.06
Ru3+ 0.01 0.17 0.40

None of the PGM exhibited strong extraction from HCI into MIBK when
APDC is not present. The ions, Pt4+ and Os#* showed no extraction under
these conditions. The ions, Ru3+, Rh3+, Pd3+, and Ir*+ showed only slight
extraction. Therefore the anionic chloro-compounds do not readily form
extractible ion association complexes with cationic species in solution.
Extractions involving APDC varied greatly depending on the element involved,
the type of acid used in the aqueous phase, and the acid concentration. The ions
mentioned in Figure 3.7 can be divided into three classes as follows:

(1). Ions which did not extract under any of the conditions tested.

(2). Ions which were extracted, but where extraction was not high enough for
the method to be used in a solvent extraction scheme.

(3). Ions whose extraction was high enough under some of the conditions tested
to allow the method to be used as a solvent extraction system for those ions.

The only ionin class (1), is Os#+. The Ru3+ ionisin class (2); extraction of
Ru3+ into MIBK never exceeds 30% under any of the conditions tested. The
ions Rh3+, Ird+, P4+, and szf fall into class (3). All these ions have
extractions of at least 70% under  x at‘;le conditions tested. The highest
extraction of Rh3+ (76%) occurs from HCI at 6 mol/l concentration. The
highest extraction for P+ (86%) occurs from 2 mol/l HNO3. The highest
extraction of Ir4+ (96%) occurs from 6 mol/l HNO3. For these elements it
would be possible to achieve essentially complete extraction with two or more
separate operations.
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The extraction of Pd2+ is virtually 100% from all the HCI concentrations
tested. In fact KD for the extraction from 2 mol/l HCI into MIBK, is about
6000; it is about 3000 for the extraction from 6 mol/l HCl. Any extraction
system where the values for KD are so great, offers the potential for
considerable concentration enrichment of the extractable element.

An example of this is the extraction of Pd2+ from say 10 ml of 2 mol/1 HCI,

into 1 ml of MIBK. For this extraction Kb = 8000.
%E = KpR.100 8000 x 0.1 x 100
““T Kp.R+1 ~ 8000x0.1+1

= 99.88%

%E 1is the percentage extraction

R is the organic/aqueous phase volume ratio

Vo is the volume of the organic phase

So, the percentage of the total mass extracted is 99.88% with a ten fold
concentration enrichment. »




CHAPTER FOUR

THE QUANTIFICATION OF
PALLADIUM IN GEOLOGICAL
MATERIALS

68




69

4.0 INTRODUCTION

To determine Pd in geological samples by GF-AAS the analyte must be
separated from potential chemical interferences. Solvent extraction can be used
to achieve this.

In ChapterTheee. it was reported that Pd, as an APDC chelate complex, extracts
strongly into MIBK from 3 mol/l HCI. Unfortunately this does not ensure that
Pd will extract strongly from rock solutions with the same system.

A rock solution is a complex matrix. The high solids content of such a solution,
can lead to the formation of a precipitate when such an extraction is attempted.
If this happens, some of the analyte may be incorporated in the precipitate, and
fail to be extracted into the organic phase. Other factors may prevent the
satisfactory quantification of Pd in a rock solution. Interfering elements may be
co-extracted during solvent extraction. Technical problems, associated with GF-
AAS, can make it difficult to achieve reproducible results.

It is necessary to check that the proposed analytical method is suitable for

determining Pd in geological materials. This can be done by using the method
to quantify Pd in a suitable geological standard such as PTC-1 [82].

4.1 DETERMINATION OF PALLADIUM IN PTC-1

4.1 (a) Initial Investigation

A 1% PTC-1 solution was prepared (see Section 2.7). An initial attempt to
extract Pd from the solution was only partially successful; the level of Pd
detected in the MIBK extractant was much lower than expected. A brown
precipitate was formed when APDC was added to the extraction mixture, and it
remained after equilibration. Pd was probably incorporated in the precipitate.

PTC-1 contains 9.42% Ni and 5.14% Cu by weight [82]. Both elements form
stable complexes with APDC in HCI solutions [83]. It is likely that Ni, and Cu,
APDC complexes made up the bulk of the brown precipitate.
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4.1 (b) Extraction as a Function of APDC Concentration

The degree of extraction, was found to be a function of the level of APDC
present in the extraction mixture. This relationship is shown in Figure 4.0. The
figure was constructed from data obtained for a series of extractions.

Figure 4.0 is divided into three sections. In section (1), there is not enough
APDC to allow maximum extraction. In this section the degree of extraction
increases with increasing APDC levels. In section (2), the APDC levels are
sufficient to allow maximum extraction. In section (3), the degree of extraction
declines as the levels of the chelate in the extraction mixture increase. In this
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Figure 4.0. Effect of APDC Levels on Extraction

Curve representing the relationship between the degree of Pd extraction (from a
PTC-1 solution into MIBK), and the concentration of APDC in the chelating reagent.
The degree of extraction is shown in terms of absorbances obtained when the MIBK
extractant is analysed for Pd, by GF-AAS. Each extraction involved, 1 ml of chelating
reagent, 3 ml of 1% PTC-1 solution, and 3 ml of MIBK; equilibration was achieved by
shaking this mixture for ten minutes. Determinations of Pd in the MIBK phases, were
were performed by GF-AAS, using the 247.6 nm absorbance line; 3ul furnace dryings
were used.




brown precipitate forms. The amount of the precipitate increases with
increasing APDC levels. The decline in extraction in this section, is probably
due to an increasing proportion of the available Pd being incorporated in the
precipitate.

Complexes are in equilibrium with the free ligand (L), and metal (M). The
general expression (excluding charges) for this equilibrium is:
M +nL == MLy

In PTC-1 solution, there are several metal ions which can complex with the
pyrrolidine dithiocarbamato (PDC-) ligand. Therefore, there are several
competing equilibria. The solvent extraction of Pd, in this instance, is probably

due to the following equilibrium (see Section 4.3):
Pd2+ + 2 PDC- == Pd(PDC)2

The stability constant for this equilibrium, is greater than those for equilibria
involving Cu and Ni metal ions; otherwise, Cu and Ni ions would scavenge the
available PDC and prevent much of the Pd in solution from being complexed.

When the level of PDC in solution exceeds the amount required to complex all
the Pd, PDC complexes of other elements form in significant concentrations.
Once the concentrations of these complexes reach saturation point in solution,
precipitation occurs.

4.1 (¢) Replicate Determinations of Pd in PTC-1

A chelating reagent with a 0.05% (w/v) APDC concentration, was found to
allow maximum Pd extraction under the conditions used for Figure 4.0. This
reagent concentration was chosen for 14 replicate determinations of Pd in PTC-
1. In each determination 3ml of PTC-1 solution, 1 ml of 0.05% APDC reagent,
and 3ml of MIBK were equilibrated for ten minutes. Then the MIBK phase was
analysed, by GF-AAS, to determine the concentration of Pd in the phase. So 14
concentration values were obtained. From the mean of these values, the
abundance of Pd in PTC-1 standard ore, was calculated to be 12.44 1g/g. This
compares to a recommended value of 12.70 pg/g [82], giving a relative
error of only 2%. The precision for the analyses was 5.2%.
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4.1 (d)__Conclusions

The standard reference ore, PTC-1, has higher levels of the base metals (such
as Fe, Ni, and Cu) than most geological materials. So, matrix effect problems
make PTC-1 more difficult to analyse than most geological materials. The
analytical method used, gave a value for Pd in PTC-1, which is only 2% less
than the recommended value. This method should therefore be suitable for
determining Pd in most geological materials. To further check the method, a
PGM ore sample from the Canadian Arctic was analysed. The sample was
found to contain 18.5 pg/g Pd. This differed by only 6.5% from the value
reported by Lee [84].

4.2 PALLADIUM AT THE K/T BOUNDARY

The APDC/MIBK extraction system that was used to determine Pdin PTC-1
(see Section 4.1 (c)), was used to determine Pd in K/T boundary sediments. A
full description of the analytical scheme used to determine Pd abundances in
boundary clays, is given in Section 4.3. '

A series of samples spanning the K/T boundary at the Flaxbourne River site, in
New Zealand, were analysed. Table 4.0 shows the concentration of Pd in each
of the samples. There is a spike of elevated Pd concentration at the boundary.
In the next chapter these data are compared with the corresponding Ir data, and
they are discussed with respect to the K/T boundary debate.

Table 4.0 Palladium Abundances Across the Flaxbourne River
Sequence

Era Cretaceous Tertiary
Sample -2to -2to0 -1to 0 to +1to +2t0 +31t0
Position -5cm -1cm 0cm +1cm | +2cm | +3cm +6cm
Pd Content
. . . . . . 2.6
(ng/g) 1.1 8.9 4.5 11.5 3.1 3.0
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Several other boundary materials were available to be analysed. These materials
were boundary clays from; Woodside Creek, in New Zealand; Stevns Klint, in
Denmark; Browny Butte, in the Raton Basin of the United States; and
Bottacione, near Gubbio in Italy.

The clay layer collected from Woodside Creek was about 8 mm thick [28]. This
layer was divided in half to give sections (A) and (B). Section (A) covers that
half of the clay layer which is contiguous with the late Danian limestone.
Section (B) covers the rest of the clay layer. The other boundary materials
were not subdivided. The Pd abundances in the materials were determined.
These are shown in Table 4.1. Where Ir abundances are known for the samples,
they have been included in the table.

Table 4.1 Boundary Clay Ir and Pd Abundances

Boundary Clay Pd Ir* Ir/Pd
Concentration | Concentration |abundance ratio
(ng/q) (ng/g)
Brownie Butte 12 _ _
Gubbio 5 _ -
Stevns Klint 14 _ -
Woodside Creek (A) 37 54 1.5
Woodside Creek (B) 15 26 1.7
Flaxbourne River (-2-» -1cm) 9 12 1.3
Flaxbourne River (0-» +1cm) 12 16 1.3

* Ir values determined by INAA at Los Alamos (see Section 2.3)

For comparison, the two Flaxbourne River samples with the highest Pd contents
have been included in the table. The Ir/Pd abundance ratios for the Woodside
Creek and Flaxbourne River samples are similar, ranging from 1.3 to 1.7.
Assuming these elements are of asteroidal origin , the asteroid may have had a
lower Ir/Pd abundance ratio than these data indicate; Pd has greater mobility
than It under leaching conditions so during the 65 million years since the
deposition of the sediments, some fractionation may have occurred.

Few data are available on the background levels of Pd in sedimentary rocks.
The lowest concentration of Pd detected in a sample from the Flaxbourne river




sequence, was 1.1 ng/g. It is reasonable to take ca. 1 ng/g as the upper limit for
the background concentration of Pd in sedimentary rocks. On this basis all the
boundary materials listed in Table 4.1 have anomalous Pd concentrations.

4.3 THE EXTRACTABLE PALLADIUM COMPLEX

The analytical scheme given in Section 4.4 uses aqua regia to dissolve the Pd.
The chlorine in this acid medium ensures elemental Pd is oxidised. The most

important oxidation state for Pd is the +2 state. In HCI solution, Pd2+ exists as
the [PdCl4]2- species. When APDC is added to the solution, chloride ions are
displaced from the coordination sphere of the metal ion to be replaced by PDC
ligands. Kellner [85] gives the PDC complex of Pd2t as having the molecular
formula, PA(PDC)), with a square planar geometry as is depicted below:

Based on infra-red spectra, Kellner [85] suggested this complex is stabilised by
electron delocalisation represented by the following resonance structures:

(i L=
N S
Pd::\}—*—@

Because Pd(PDC)) is charge neutral, no ion association is required to facilitate
extraction into an organic phase from HCI.
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4.4 METHOD USED TO QUANTIFY PALLADIUM IN
SEDIMENTS ‘

The method used was as follows:

(1). Digest 1 g of finely powdered rock in a 25 ml Teflon beaker with 10 ml of
a 1:1:1 mixture of HNO3, HCI, and HClO4. Heat over a sandbath until fumes
of HC104 have disappeared.

(2). Add 16 ml of aqua regia and evaporate down to about 3ml over the same
sandbath.

(3). Add 16 ml of 6 mol/l HCI and again evaporate down to about 3 ml.

(4). Shake with an equal volume of MIBK for about five minutes in a graduated
centrifuge tube. Centrifuge to separate the phases and remove the organic layer
with a pasteur pipette. ]

(5). Dilute the aqueous layer with an equal volume of water and 1 ml of 0.05%
APDC in water. Then add 0.35 ml of MIBK and shake for about ten minutes
and again centrifuge.

(6). Remove some of the MIBK for GF-AAS determination of its Pd content.
(7). Determine Pd in the MIBK using the GBC System1000 instrument (see
subsection 2.0 (d) (ii)). Use ten 3 l sample dryings onto the furnace using the
heating cycle conditions given in Table 2.0.




76

CHAPTER FIVE

THE FLAXBOURNE RIVER
CRETACEOUS/TERTIARY
BOUNDARY SEQUENCE:
A CASE STUDY




5.0 INTRODUCTION

A sedimentary sequence was sampled from the newly discovered K/T boundary
site at Flaxbourne River, in New Zealand.

The record of changes occurring across a K/T boundary section can be
obscured by processes such as weathering, bioturbation, and tectonic activity.
Fortunately, the Flaxbourne River section is well preserved. It also has one of
the most complete K/T boundary sections known. These factors make this an
ideal section to examine for evidence of the bolide impact proposed by the
impact theory (see Section 1.1).

As will be shown, lithological, palaecontological, and geochemical studies of the
Flaxbourne River section indicate that a sudden catastrophic event occurred at
the end of the Cretaceous geological period. As an alternative to the impact
theory, it has been suggested that massive volcanism may have led to the
deposition of the Ir rich layer found at K/T boundary sites world-wide [86][87].
This suggestion will be examined in the light of the analyses performed on
samples from the Flaxbourne River section.

5.1 SITE LOCATION

The Flaxbourne River K/T boundary site, is in NZMS Quadrangle P29
(1:50,000), some 4 km southeast of the settlement of Ward, in the Marlborough
province of New Zealand's South Island (see Figure 5.0). The locality lies near
the mouth of the Flaxbourne River, within the belt of moderately and
completely deformed upper Cretaceous and Paleogene limestone, which more
or less parallels the coast for about 20 km, from the Ure River to Cape
Campbell [88]. Other K/T boundary localities were previously described about
5 km away at Needles Point, and 2 km away at Chancet Rocks [89][90][91].
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Figure 5.0 Location Map Showing the Flaxbourne River K/T
Boundary Site in Relation to Other Sites in the Area

5.2 LITHOLOGY

Lithologically, the Flaxbourne River K/T boundary section is similar to the
nearby Chancet Rocks section [89][90]. The essential difference between the two
sites is that at Chancet Rocks the lowest few cm of the boundary interval,
including the boundary clay, is usually missing owing to marine errosion of the
relatively soft boundary unit, and infilling of the resultant cleft with sediment.

Figure 5.1 shows the area where sampling was carried out. The boundary
section has been exposed by limestone quarrying, making it readily accessible
for sampling. A closer view of the boundary is shown by Figure 5.2. The
hammer head lies against the dark boundary clay. To the left of the clay lie
Tertiary sediments, to the right Cretaceous.




Figure 5.1 The Flaxbourne River K/T Boundary Section

Figure 5.2 The Boundary

Clay and Surrounding Sediments
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A diagram of the section, in the form of a stratigraphic column, is given in
Figure 5.3. The figure lists and describes nine lithologicuunits which can be
identified in the section we sampled. The most interesting lithological changes
occur in units adjacent to, and including the boundary layer (i.e. units 3-5).

Unit three is a 2-5 cm layer of soft off-white marl. This unit is not well
represented at Chancet Rocks. The transition from unit 3 to unit 4 (the
boundary clay) is very sharp. This transition is made particularly distinct by the
sharp contrast in the colouration of the two units; the clay layer is a dark grey
colour. The lower half of this layer is made up of very finely divided material,
with a much lower carbonate level than the marl of unit 3. This merges into the
upper half where the clay is interspersed with limestone lenses. The average
depth of the boundary clay is 20 mm.

The transition from unit 4 to unit 5 is also quite sharp. The soft boundary clay
gives way to a hard calcareous mudstone which is about 8 mm thick. A similar
unit occurs at Chancet Rocks where it is of comparable thickness.

The boundary clay has a starkly different lithology from the zones which
sandwich it. How could it have formed? There are two possibilities:

(1). The clay may have formed as a result of redissolution of carbonates in
limestones and calcareous mudstones, which contain fine detrital material.

(2). The clay may have formed as a result of a sudden, drastic, change in
oceanic conditions which altered the accumulation rates of the various
sedimentary components. A major decrease in carbonate deposition would leave
the detrital component to aggregate on the ocean floor, thereby forming the
clay. Washout of atmospheric dust from a large bolide impact would
dramatically increase the amount of detrital material available to form a pelagic
clay.

Because the clay layer/Cretaceous marl interface is very sharp and shows no
signs of errosion, the second of the two possibilities mentioned above is the one
most likely to have formed the boundary layer.
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5.3 BIOSTRATIGRAPHY

Biostratigraphy enables the approximate age of a geological rock to be
determined. Because of this, it is useful in locating and confirming the position
of a K/T boundary. It can also provide evidence of environmental conditions at
the time of deposition.

The position of the K/T boundary at the Flaxbourne River site was confirmed
using biostratigraphy. In all, 14 samples were examined from selected positions
across the sequence. These are labeled F26303-F26314 in Figure 5.3 and Table
5.0. A survey of the foraminifera in the samples, revealed the sequence to be
exceptionally complete.

The sequence can be divided into the four zones shown in Table 5.0. Zone (i)
contains late Cretaceous bathyal fauna in abundance. Zone (ii) begins with a
boundary clay containing an Ir anomaly. As with Zone (i), it contains late
Cretaceous species but the specimens are greatly reduced in size and abundance.
Zone (iii) contains the first specimens of early Tertiary foraminifera. In Zone
(iv), the variety and abundance of the foraminifera is reminiscent of the pre-
anomaly zone, yet the specimens are all new early Tertiary forms.

A similar pattern of faunal changes across the K/T boundary sequence has been
observed at other sites. In fact, Smit and Romein proposed a standard
palaeontological K/T boundary sequence after studying ocean drill core samples
as well as samples from land based sites [33]. All the zones of this sequence can
be recognised at Flaxbourne River.

Clearly there is a faunal discontinuity at the K/T boundary contiguous with the
lithological discontinuity. The pattern of faunal change points to a sudden
catastrophic change in environmental conditions at the boundary, which is
compatible with the impact theory.




Table 5.0 Biostratigraphic Zones Resolved from the Flaxbourne River K/T Boundary Sequence

Era | Biostratigraphic | Standard Zone | Sample |Lithological Foraminifera Comments
Zone Equivalent} |Number(s) Unit(s)
Zone (iv), or Early | Globorotalia F26303 to | Units 7-8. Globoconusa The variety and abundance of
Tertiary Zone, pseudobulloides |F26304. daubjergensis and foraminifera are much greater
Zone (P1c). undetermined than in zone (iii).
Globigerina, Benthics make up about 1%
Globorotalia, and of all the specimens.
Chiloguembelina
species.
Zone (iii), or Globigerina F26305. Upper Unit 6. | Globigerina cf. fringa, First appearance of Tertiary
Tertiary Pioneers |eugubina Zone and others. foraminifera species.
Zone. (P1a and P1b).
Zone (ii), or Guembelitria F26314 to | Units 4-6. Guembelitria cretacea, |Cretaceous foraminifera
Cretaceous cretacea Zone F26316. Heterohelix globulosa, |species of much lower size
> |Survivors Zone. (Po). H. cf. punctulata, and abundance than in zone
@ Globigerinalloides (i). Benthics make up about
5 volutus, 10% of all specimens in this
= Nuttalides tholus, post boundary zone.
and others.
Zone (i), or Late Abathomphalus |F26315to | Units 1-3. R. pustulata, Heterohelix | Typical Late Cretaceous
@ | Cretaceous Zone. |mayaroensis F26316. globulosa, foraminifera species.
3 Zone (M3). H. cf. punctulata, Benthics makeup <1% of
3! Glodigerinelloides specimens.
g volutus,
3 Hedbergella
monmouthensis,

and others.

TSee reference [33]
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5.4 GEOCHEMISTRY

5.4 (a) Collection and Storage of Sedimentarv_Material for
Elemental Analysis

Material was taken from 26 different subsections of the of the boundary
sequence spanning stratigraphic positions through -60 cm to +72 cm, with
continuous sampling between -17 cm and +39 cm. The material from each
subsection was ground to -100 mesh and stored in sealable plastic bags. A
tungsten carbide concentric ring grinder was used to grind the samples.

5.4 (b) Elemental Determinations

(1) Determinations by Inductively Coupled Plasma Atomic Emission
Spectroscopy (ICP-AES).

The sedimentary material was processed to produce solutions made up with 2

mol/l HCI (therefore suitable for analysis). These solutions were subsequently
analysed by ICP-AES (see Section 2.1 for instrumental details). Concentration
values for Al, B, Ca, Cu, Fe, K, Mg, Mn, Ni, P and Sr were obtained.

The processing of the sedimentary material was performed as follows:

(1). 0.5 g of each sample was placed in a polypropylene beaker over a
waterbath.

(2). 5 ml of 1:1 HF/HNO3 was added to each mixture to digest the contents.
(3). The resulting solution was evaporated to dryness.

(4). 10 ml of 2 mol/l HC] was added to each beaker to redissolve the residue.
(5). The solution was then poured into a storage container and made up to 25
ml with 2 mol/l1 HCI.




(i1) Determinations by Neutron Activation Analysis (NAA)

A portion of the ground material from each of the 26 subsections was sent to
Los Alamos for NAA determinations. The elements Co, Cr, As, Ce, Sb, Sc, Th,
and U, were determined directly in powdered rock samples by INAA; Ir was
determined by RNAA. Both methods have been described by Orth et al [92].
Figure 5.4 illustrates the two approaches with a scheme. The RNAA method for
Ir involves sample dissolution with 1:1:1 HF/HNO3/HCIO4 mixed acid solution,
followed by absorption of Ir on an ion exchanger.

(iii) Determinations by Graphite Furnace Atomic Absorption Spectroscopy -

(GE-AAS)

The levels of Pd in subsections of the Flaxbourne River sequence are taken
from work reported in Section 4.2. The analytical procedure is described there
also.

5.4 (¢) _Data Presentation

The elemental abundance data for the Flaxbourne River sequence were adjusted
to convert them to a carbonate-free form. The resulting values are shown in
Table 5.1. Carbonate-free data are necessary because this ensures elemental
anomalies observed in the data are not merely the result of redissolution of the
carbonates. A study by Orth et al of the Ordovician/Silurian boundary
sequence underlines the importance of this measure [92]. An Ir anomaly was
detected at this boundary but the authors concluded it was not the result of a
large meteorite impact, as the anomaly disappears when the data are expressed
on a carbonate-free basis.

The important features of the data given in Table 5.1, can be quickly
recognised when they are presented in graphical form. The histograms of the Ir
and Pd data given in Figure 5.5 illustrate well the strong enrichment that
occurs for these elements at the K/T boundary. Do significant trends and
anomalies occur for the other elements? Figure 5.6 shows how mean elemental
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Table 5.1 Elemental Abundances at the Flaxbourne River K/T Boundary Sequence
Values are in j1g/g unless otherwise stated, and except for CaCO3 are on a decalcified basis. The K/T boundary lies in the interval 0 to +1 cm.

Position ] Al As B CaCO3 Ce Co Cr Cu Fe ir Pd K Mg Mn Ni P Sb Sc¢ Sr Th U Zn

cm % % % __nag/g__ng/q
-60to-50 { 0.09 1.0 700 56 225 8.4 82 <20 0.45 0.19 1900 1400 4390 <20 510 0.5 3.8 1170 13 0.7 90
-2210-17 }0.78 1.8 600 49 196 7.5 135 30 0.39 1300 1100 2650 <20 450 1.1 2.7 930 1.6 1.5 <20
-17to -22 144 3.0 1100 69 54.4 18 21 65 0.80 ’ 2900 3600 5780 40 770 0.5 6.1 2050 1.3 1.4 110
-91t0-8 1.51 3.2 900 67 44.9 41 23 30 0.76 0.57 2100 3400 5440 <30 730 1.1 6.9 1930 1.6 2.1 110
-810-5 259 9.6 2700 4l 65.6 63 37 85 1.21 5200 10200 6210 <40 1400 26 9.9 2200 4.0 4.3 240

-510-2 393 11.5 4400 81 1163 69 55 80 1.83 24 5.8 8600 16400 10480 80 2180 3.5 180 3650 7.3 6.3 450
-2to-1 3.38 30.9 2400 41 55,8 170 140 140 1.27 20 151 5800 7400 1610 160 1010 54 13.0 670 4.8 3.2 360
1100 3.14 10.6 1900 62 70.7 150 52 65 1.18 7.4 11.8 5200 7900 3540 90 1300 2.5 150 1410 4.9 3.7 330
Oto +1 4.93 29.8 2000 26 513 270 130 260 2.09 21 155 8100 10600 880 280 680 55 139 380 9.2 3.1 730
+110+42 3.14 34 1300 36 424 91 47 110 118 241 4.8 6200 7400 1340 80 790 1.4 8.0 660 48 1.4 370
+21t0 43 3.72 14.0 4100 32 453 110 56 140 146 8.3 4.4 6600 7900 1100 130 730 3.7 107 570 5.1 1.9 360
+3 1o +6 244 46 3000 45 350 69 38 100 094 53 4.7 4600 6200 1250 50 610 1.4 7.9 580 4.0 1.4 310

+610+8 296 6.1 1600 43 539 79 34 190 139 1.0 5800 8000 1910 110 790 1.9 8.7 740 52 1.2 380
+810+9 294 51 1900 37 46.1 69 21 170 119 6400 7700 1510 240 760 1.6 7.7 620 4.2 1.4 230
+9to+12 1417 7.5 1500 33 67.1 54 37 190 1.46 1.2 6600 10800 1190 120 1340 2.5 14.9 470 6.7 22 270
+1210+13 } 6.08 10.0 2100 34 547 52 36 240 2.13 12200 13600 1370 150 990 28 139 560 8.2 1.6 190
+13to+15 1419 6.1 2500 30 440 48 41 150 1.78 7800 9500 1140 100 600 1.9 120 420 8.6 1.4 160
+15t0+21 § 3.58 3.8 1000 26 28.3 18 27 140 142 7400 9100 950 70 510 1.3 9.2 390 5.8 1.1 110
+21 10423 | 3.12 3.9 1900 23 28.6 15 21 65 1.24 6400 6600 850 50 440 1.0 89 360 4.6 0.9 120
+23t0+26 | 3.65 3.5 1200 26 35.1 17 34 55 1.35 0.36 7400 10600 880 70 500 1.0 10.0 410 5.6 1.0 120
+261t0+28 1363 3.0 1200 24 30.4 19 44 80 1.32 7300 8900 860 70 520 0.9 9.8 370 6.4 1.1 110
+2810+33 | 273 3.0 900 30 3741 25 41 35 0.98 5200 6900 820 40 400 0.7 73 310 47 1.0 110
+3310+36 | 3.92 57 1900 29 406 20 30 55 1.75 ' 7700 10200 1120 80 770 11 107 440 6.4 1.1 120
+36t0+39 | 344 55 1100 20 375 22 28 20 1.31 ' 6900 7700 750 40 460 1.2 9.8 300 5.0 1.0 80
+48t0+52 | 288 3.0 500 17 34.8 14 27 20 096 0.23 5900 8100 540 30 270 0.8 7.6 250 5.0 1.0 80

+70t0+72 §3.08 1.8 800 19 64.3 17 27 25 123 0.1 7400 9000 680 40 1230 0.5 8.6 340 5.0 1.1 <20
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Concentration of the Elements in the Sediments (ng/g)

-4 -2 0 +2 +4 +8

Distance Across the Sequence (cm)

Figure 5.5 Iridium and Palladium Abundances in_the
Vicinity of the K/T Boundary

Concentrations of Ir and Pd in contiguous samples taken from the Flaxbourne River
K/T boundary Sequence. The palaeontological K/T boundary occurs at 0 cm on the
horizontal scale. Enrichment is observed for both Ir and Pd in the vicinity of the
boundary. The concentration values are on a CaCOg free basis.

88




g 01" Sl
- nmnmllilmnm N - 2000()"
T M ]~ 3550
= oy =
R T “mm"HHW”HWHWUWl RS
: Z— zmmnmmm NI ) 10000'C “ l
# oy U~ = H l ”HH [
: M 2'502: I
) * 0
) EE: iloooo Hlll”ll[””unnumummmnn
I.SJFe o 3_U
~os 1 “HHIH W
| | | T I I { ] |
-10 0 +10 +20 30 -0 0 +10 +20 +30
Position in the Sedimentary Sequence {(cm]
! 2 g!lj 5 ! 6 | | 2 13‘). 5 ! 6
Lithological Units

Figure 5.6 Mean Elemental Abundances in Lithological Units of
the Flaxbourne River K/T Boundary Sequence
The abundances are expressed on a decalcified basis.




abundances vary between different lithologic units and highlights some striking
differences in the geochemistries of the units.

The first grouping of elements in this figure contains As, Co, Cr, Cu, Ni, Sb,
and Zn. These elements show an enrichment in the vicinity of the boundary
(concomitant with that of Ir and Pd) and then return to their previous levels.
The elements Cr, Co, and Ni are depleted in crustal rocks relative to meteorites
like their fellow siderophiles, Ir and Pd. Therefore some of the excess of these
elements at the boundary may be derived from a meteoritic source. The other
four elements (all chalcophiles) in the first grouping of figure 5.6, do not have
significantly higher concentrations in meteorites than in crustal rocks. The
source of their enrichment at the K/T boundary must be terrestrial.

In the next grouping, the elements Al, Fe, K, and Mg, are enriched at the
boundary but remain at high levels in the Tertiary sediments. These elements
are found in high levels in aluminous clays. It is probable that the K/T event led
to a lasting change in sedimentation patterns leading to an increase in aluminous
clay deposition.

The last four elements (Mn, P, Sr, and U) show a marked decrease in the
Tertiary sediments. This may be an artefact of calculating the elemental
abundances on a carbonate free basis, which is only valid if the elements
concerned are present in the clay fraction. It is likely the aforementioned
elements are part of the carbonate fraction. If this is so, the histograms are
erroneous.

The greatest error would occur for sediments with the highest carbonate
contents. Why is this so? A high level of carbonate in a sample would supply a
high level of Mn, P, Sr, and U to be detected and then be erroneously attributed
to the clay fraction. The error is then exaggerated by calculation to a carbonate
free basis, because an enrichment factor is used. To make matters worse, the
enrichment factor increases with increasing carbonate content. The observed
decrease of Mn, P, Sr, and U levels in the Tertiary sediments may simply
reflect a decrease in the carbonate content of the sediments.
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Figure 5.7 Chondrite Factors for Eight Elements in Boundary
Clays _and Volcanic Emissions

Elemental ratios in K/T boundary clays and Kilauea Volcano emissions normalised to

Ir and C1 chondrite. The normalised elemental ratios are termed ‘chondrite factors'.

5.4 (d) Origin _of Enrichments

The greatest enrichment at the boundary occurs for Ir. It is difficult to explain
how the steady state Ir contribution (detrital material and micrometeorites)
could be concentrated to provide this level of enrichment. Besides, comparisons
of Os isotope ratios in boundary clays and Mn-nodules, indicate the steady state
contribution is not the source of PGM enrichments at the boundary [31][93].

Assuming the Ir at the boundary is of chondritic (stony meteorite) origin, can
the other elements with strong enrichments at the boundary have come from the
same source? To answer this question it is helpful to refer to Figure 5.7. This
figure was constructed with information given in Table 5.2. ‘
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Table 5.2 Elements Enriched at the K/T Boundary:

Abundances {decalcified basis ) and Ratios

Element Boundary clays (whole section)* Potential Sources
or Ratio FR wC GB DS CVi SK RB CRUST2 MANTLEP OCEANS¢ €1 CHAd KILAUEAE
As  (ug/g) 22 40 19 34 374 83 — 1.8 0.1 2x 10-3 1.93 —
Co (ug/g) 190 104 48 77 230 146 54 25 91 2x10-6 502 —
Cr  (ug/g) 75 168 148 146 474 225 86 100 1,970 3x10-4 2,640 —
Cu (ng/9) 195 134 — — — 167 — 55 31 1.2x10-4 124 —
Fe (%) 1.54 3.36 6.50 2.97 4.87 6.40 4.20 5.0 6.18 4x10-9 19.0 —
Ir (ng/g) 16 58 9 i6 36 47 6 0.2 3.4 — 481 —
Ni*  (ng/g) 208 228 177 461 946 1,370 — 75 1,610 4.8X10-4 11,000 —
Sb  (ng/g) 4.1 7.3 2.5 7.3 6.0 9.4 5.0 0.2 0.03 2X10-4 0.162 —
Zn (ng/g) 540 505 166 318 374 810 400 70 63 3.9X10-4 312 —
Cu/Sb 48 18 — — — 18 — 280 520 0.6 764 233
Zn/As 24 13 9.0 9.4 1.0 9.8 — 38 630 0.2 162 0.56
Zn/Sbh 131 69 66 44 62 86 80 350 1,030 2 1,920 177
As/Sb 5.4 5.5 7.4 4.6 62 - 8.8 — 9 3 10 11.9 314
Ni/lr 13,000 3,930 19,700 28,800 26,300 29,100 — 375,000 474,000 — 22,800 343
Crl/Ir 4,600 2,800 16,400 9,000 13,150 4,770 — 500,000 578,000 — 5,494 230
Ni/Cr 2.8 1.4 1.2 3.2 2.0 6.1 — 0.75 0.82 1.6 4.15 1.5
Ni/As 9.5 5.7 9.3 13.6 2.5 16.5 — 42 16,000 0.24 5,680 0.3
Fe/Ni 74 147 367 64 51 47 — 666 38 0.08 17.4 30

*FR- Flaxbourne River (this thesis)
GB - Gubbio (references [94] [4)

CV - Caravaca (reference [95])

DS - DSDP 465A (reference [159])

a. Reference [36].
c. Reference [100].
e. Reference [102).

RB - Raton Basin (reference [30)
SK - Stevns Klint (reference [95))

WC - Woodside Creek (reference [28]))

b. References [96] [97] [98] [99]
d. C1 Chondrites. Reference [101].

TMean of three layers in bouhdary clay.
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The vertical axis of Figure 5.7 gives normalised concentration values
(chondrite factors). The chondrite factor for an element in a material, is
calculated by normalising the element concentration to Ir, and then normalising
the resulting ratio to C1 chondrites. Ir is used as the normalising element
because it is the most clearly meteoritic element.

Chondrite factors for eight elements, in various boundary clays, are plotted in
the figure. Most factors for Ni and Cr in the clays are close to unity.
Therefore, the Ni/Ir and Cr/Ir ratios for boundary clays are close to chondrite
ratios. This is consistent with the hypothesis that Ni and Cr anomalies in
boundary clays (including Flaxbourne River clay) are of meteoritic origin. The
levels of Fe and Co in the clays would appear to be too high to be attributed
solely to a meteoritic source; the excess contribution probably comes from the
crustal rock portion of the impact ejecta.

The chondrite factors for the four chalcophiles mean these elements must have
been derived almost entirely from terrestrial reservoirs. Possible reservoirs are
included in Table 5.3, which gives a mass balance for the chalcophiles at the
Flaxbourne River K/T boundary site. As Kyte et al pointed out, anoxic ocean
conditions following an impact, would aid the scavenging of chalcophiles from
the water column [103]. Ejecta dust particles would have provided ideal
surfaces for the chalcophiles to precipitate onto.

Table 5.3 _Mass Balance for the Chalcophiles in the Flaxbourne
River Boundary Clay

Element =----------------- As Sb Cu Zn
Boundary clay (hg/cm?) | 51 9 396 1240
Ocean mass required  (kg/cm?) 25 47 3300 3200
Crustal mass required (g/cm?) 20 36 5.8 14
Mantle mass required (g/cm?) 510 300 13 20

NB - global abundance of boundary clay is 2-5 g/cm2. Values in this table were calculated by
multiglying elemental abundances (not on decalcified basis) by the density of the clay (2.3
g/cm?).

The elements As and Sb, could easily have been derived from the ocean. To
supply all the As at the Flaxbourne River K/T boundary , 25 kg of seawater
would be needed for every cm? of the seafloor. This corresponds to a water
column of 250 m. For Sb the value is 47 kg/cm? corresponding to a water




column of 470 m. Both these depths seem reasonable in terms of the observed
faunal assemblages. 4

The ocean depths required to supply Cu and Zn seem impossibly great. All the
Cu and Zn at the boundary could be supplied by 6-15 g of crustal rock per cm2
of the ocean floor. This is greater than the global abundance of the boundary
clay (2-5 g/cm?2), for an assumed thickness of 1-2 cm and a density of 2.5
g/cm3. So, if crustal rock is to supply the required Cu and Zn, it must be rock
with greater than average concentrations of these elements.

Some of the Sb and As at the boundary may be derived from crustal rock.
Theoretically the oceanic contribution for the elements can be determined by
examining their levels in Raton Basin boundary material (continental
sediments); any As or Sb at this site must be derived from sources other than
the ocean. No As values have been determined for this site, and the Sb levels at
the boundary are only slightly higher than the unusually high background
(reflecting local rather than global conditions).

5.4 (¢) The Volcanic Source Proposal

Opponents of the impact theory have suggested a volcanic source for the
elemental anomalies found at the K/T boundary. In particular, they point
to the volcanic activity which formed the Deccan Traps in India [86][87].

Chemical analyses of basaltic rocks indicate that the Ni/Ir and Cr/Ir ratios in
mantle material are much higher than in boundary clays (see Table 5.2). This
appears to preclude a mantle source for the K/T boundary anomalies. However
Zoller et al reported that Ir can be greatly enriched in volcanic aerosol
emissions, compared to basaltic rocks [104]. This report was based on studies of
emissions from Kilauea Volcano in Hawaii. The authors suggest that Ir in the
emissions 1is in the form of the volatile IrFg compound. This type of Ir
enrichment has not been observed for other volcanos and is probably due to an

unusually high F/Cl ratio which is indicative of a very deep magma source
[104].
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Officer and Drake suggested that if the Deccan Traps volcanism was of the deep
magma variety, it would have supplied enough Ir to explain the K/T boundary
anomaly [34]. Let us examine this claim. According to Olmez et al about 0.3 %
of the Ir in the magma would have been degassed [102]. Using this value, they
calculate the aerosol Ir emission from the Deccan Traps magma would have
been about 3x1010 g. In their calculations, they assume this magma to have the
same It concentration as Kilauea magma (0.32 ng/g). This assumption was
unnecessary as Morgan had determined the average It value in five samples of
Deccan Basalt to be 0.006 £ 0.001 ng/g [105]. Using this value, the gaseous Ir
emission reduces to about 6x108 g. This is only about 0.1% of the Ir which was
deposited at the boundary [103][106].

Anomalously high levels of Pd were found at the Flaxbourne River K/T
boundary. Unfortunately no work has been done to determine if Pd is enriched
in volcanic aerosol emissions relative to magma. Indeed, none of the PGM have
been determined in these emissions except Ir. It would be useful to be able to
compare the relative abundances of the PGM in volcanic emissions and
boundary clays.

Figure 5.7 shows that the chondrite factors for elements in Kilauea emissions
are dissimilar to those for boundary clays, arsenic excepted. As only 0.1% of
the required It can be supplied by volcanism, the situation is the same for .
arsenic.

In summary, the geochemical data for the Flaxbourne River K/T boundary

sequence (and other sites) indicate that volcanism of the Kilauea type was not
responsible for the elemental anomalies found in boundary clays.

5.5 CONCLUSION

The unusual trace element composition of the clay layer at the Flaxbourne
River K/T boundary is best explained by the impact theory. This view is
reinforced by the lithological and palaecontological evidence for the sequence.
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FINAL DISCUSSION
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An Ir enrichment is found at the K/T boundary at sites around the world,
implying a linkage with the faunal and floral extinctions ‘which define the
boundary. If the extinctions and Ir deposition were due to a large asteroid
impact, other PGM should be enriched in boundary sediments.

A method was developed to allow the determination of Pd in geological
samples. The method used GF-AAS for the determinations. Geological samples
were dissolved using a mixed acid attack. Then Pd was extracted from acid
solution into MIBK to remove it from the presence of base metals which would
interfere with its determination. The Pd was extracted as an APDC chelate
complex.

The method was successfully used to determine Pd in a certified geological
standard. Then the method was used to determine Pd in a suite of samples from
the Flaxbourne River K/T boundary site in New Zealand. An enrichment of Pd
was found in the vicinity of the boundary contiguous with the Ir enrichment
(determined by RNAA). Boundary clays from several other sites were analysed
and found to contain anomalously high levels of Pd.

A survey of elemental abundances for 20 elements across the Flaxbourne River
sequence revealed that elements other than the PGM have distinctive
enrichments at the K/T boundary. These elements are As, Co, Cr, Cu, Ni, Sb,
and Zn. Of these, Co, Cr, and Ni are siderophile elements which are
sufficiently abundant in meteorites to have been derived from that source; As,
Cu, Sb, and Zn in the boundary clay must be of terrestrial origin. The Ni/Ir
and Cr/Ir abundance ratios for the Flaxbourne River K/T boundary clay
suggest a meteoritic rather than a volcanic source for the siderophile elements
at the boundary. Deccan Traps volcanism could only have supplied about 0.1%
of the global Ir fluence observed at the boundary. The elemental composition of
K/T boundary materials is best explained by the impact theory rather than its
volcanic competitor.

It is now over a decade since the impact theory was first proposed. Elemental
analysis of K/T boundary sediments has produced substantial evidence in favour
of the theory. Other areas of scientific research have also produced evidence
favouring the impact theory rather its volcanic counterpart. Of particular
importance was the discovery of shock quartz grains, containing multiple
lamellae, in boundary sediments [107]. In late 1988 a major conference on the
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K/T boundary controversy was held at Snowbird in Utah. A considerable
portion of the discussion at the conference was devoted to the shock quartz
evidence [108]. Only large meteorite impacts and nuclear explosions are known
to produce multiple lamellae shock features. Volcanic eruptions do not produce
sufficient pressures to produce such features [108].

Other exotic components to K/T boundary clays have been reported. High
concentrations of soot have been found at the boundary and have been
attributed to global wildfires caused by an impact [18]. In 1989, Zhao and Bada
[109] reported the presence in a boundary clay of two amino acids which are
exceedingly rare on earth but which are major amino acids in carbonaceous
chondrites.

With the impressive list of evidence in favour of the impact theory it seems
only a matter of time before it becomes firmly woven into the fabric of
geological orthodoxy.
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APPENDIX I

THERMODYNAMIC DERIVATION OF
THE DISTRIBUTION LAW

The following derivation was taken from reference [110]. The derivation
relates to the equilibrium distribution of a solute between two liquid phases.
Equilibrium is attained at constant temperature and pressure when the chemical

potentials (D) of the solute in each phase are equal. Thus
®1= D2 (El)

where the subscripts 1 and 2 refer to the respective solvent phases. Substituting
the suitable expressions for @, we next have
D19+ RTInm 1+ RTIny; =®2°+ RTInm 2+ RTInyp (E2)

where @O represents the chemical potential of solute in a hypothetical ideal 1
molal solution, m, the solute concentration in molality , and 7, the molal
activity coefficient. From this we may obtain an expression for the molal
distribution coefficient, Kp

m

Kp= m1l_ Re e — (@,°— @, °)/RT (E3)

m 2 2
In this equation the @°'s represent constants provided the presence of the solute
does not significantly effect the mutual solubilities of the two solvents. If this
condition is met, equation E3 may be written as

1l _VM Kk (B

kb= =%

where K' is a constant for the system at constant temperature. Variation in the
distribution coefficient (Kp) can be seen to result from variations in the activity
coefficients for each of the phases. When solute concentration is very low, the
activity coefficients approach unity and the value of Kp can be regarded as

constant.
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APPENDIX IT
LIMITS OF DETECTION

In terms of concentration, the limit of detection for an analytical technique is
the lowest concentration value that can be determined to be statistically
different from the analytical blank. There are several approaches to
determining whether such a value is statistically different from the blank.
Winefordner and Long have reviewed the various methods for determining
limits of detection, including the following two treatments [111].

The TUPAC Method

IUPAC states that x[= X B +ksB (El)

XL, is the limit of detection in terms of an instrumental reading.

X B, is the mean of the blank instrumental readings.

SB, is the standard deviation of the blank instrumental readings.

k, 1s the factor chosen in accordance with the desired confidence level.

If k=2, then the probability that a sample reading greater than xJ , is just a
random fluctuation of the blank, is 2.3%. If k=3, then this probability falls to
0.14%. IUPAC recommend k=3 be used as the level of confidence [112][113].

For many analytical techniques a concentration value (c) can be derived from
an instrumental reading (x) by using a calibration curve. A linear relationship
between x and c is described by the relationship:

x=m.c+1 (E2)

This is the equation for the line (calibration curve) with a slope of m and an
intercept of 1, shown below:
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X

values of ¢

-1

Rearranging E2 gives: ¢ = 2 (E3)

Where c is the limit of detection in terms of concentration (c[), this equation
becomes :

XL - XB
CL=——— (E4)

Substituting E1 into E4 gives:

k.sB
cL=" (ES)

So the limit of detection can be calculated once the standard deviation of the
blank readings, and the slope of the calibration curve have been determined.

The Propagsation_of Errors Method

The equation E3, relates concentration values (c) to instrumental readings (x).
X -1
(E3)

Cc =

With the propagation of errors approach, the uncertainty in a concentration
value is derived not only from uncertainty in the value of the instrumental
reading, but also from uncertainty in the slope (m) and the intercept (i) of the
calibration curve. The contribution of each term to the total error may be
found by taking the first derivative of ¢ with respect to each term.

dc\2 dey\2 dc\2
SC2= (d_x) .Sx + (a) .Si2 + (@) .sm2 (E6)




Taking the designated derivatives and the square root gives:

Sc = { (%)2.3;(2 + (%)2.312 + (i r;lzx jz.smz]llz (E7)

Finally, combining the like terms yields:

L ox 2 1/2
{sxz +8i2 + C mx ) .smﬂ
(E8)

m

S¢c =

The value s¢ gives a measure of the uncertainty in a designated concentration
value. One example of this, is the uncertainty (sc(blank)) which pertains to a
mean analytical blank value ("¢ B), when it is expressed in terms of

i - X 1/2
I'SB:Z +5i2 + (1 mx B)Z.szl

m

concentration.

sc(blank) = (E9)

Usually blank subtraction is performed. If so, X g = 0 and E9 simplifies to:

-2 1/2
[SBZ +si2 + (—Lj .st]

m

sc(blank) = (E10)

m
Equation E1 states that: x[. =X g+ k.sB (El)

Usually blank subtraction is performed. If so, this equation simplifies to:
xL=k.sB (Ell)

The concentration value equivalent to E11 is:
cL = k.sc(blank) (E12)

N
[SBZ +si2 + (i) .sm2-|

m

1/2

—_— -
.

Equation E12 is analogous to equation E5 (which is used for the IUPAC
method). To determine the parameters required to calculate sc(blank),

instrumental readings must be taken for a range of analyte concentrations
(including analytical blank readings). Twenty readings for each concentration
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chosen, should ensure sc(blank) relates to a normal distribution. Table AlI gives
the statistical expressions required to calculate m, i, sB, sj, and sm.

Table All Statistical Expressions Required to Determine Sc

e ) R R )
e
e A3

) fEe o
| o (Ben)_ L2 L30)




2MBT
AAS
APDC
DDTU
F-AAS
F-AES
GF-AAS
HNP
ICP-AES
ICP-MS
INAA
TUPAC
K/T
MIBK
NAA
PDC-
PGM
POEM
PTC-1
RNAA

APPENDIX III

ABBREVIATIONS

2 mercaptobenzothiazole

atomic absorption spectroscopy

ammonium pyrrolidine dithiocarbamate

S-( 1-decyl)-N,N'-diphenylisothiouronium

flame atomic absorption spectroscopy

flame atomic emission spectroscopy

graphite furnace atomic absorption spectroscopy

1:1:1 mixture of concentrated HF, HNO3, and HCIO4
inductively coupled plasma atomic emission spectroscopy
inductively coupled plasma source mass spectrometry
instrumental neutron activation analysis

International Union of Pure and Applied Chemistry
Cretaceous/Tertiary

methyl isobutyl ketone

neutron activation analysis

pyrrolidine dithiocarbamato ligand

platinum group metal or platinum group metals

propagation of errors method of determining limits of detection
platinum ore flotation concentrate (certified reference material)
radiochemical neutron activation analysis
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