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ABSTRACT

The globally-deposited clay layer marking the Cretaceous-Tertiary boundary has been studicd
to determine the mineralogical carrier phases for the anomalously concentrared plarinum-
group elements, the affiniry of these elemems for organic complexes in low remperaiure
environments, the degree of terrestrial inpus to the boundary clay and the usefulness of
platinum-group elemental ratios in projectile identification.

Grain size separates from marine and terresirial Cretaceous-Tertiary boundary sites were
analyzed for platinum-group elemems (Pt, Pd, Ru, Ir, Rh) and gold using sensitive induced
coupled plasma mass spectirometry. Detection limits on a five gram sample are 0.05 ppv (Rh,
Ru, Ir), 0.1 ppb (Pt, Pd) and 0.2 ppb (Au).

Platinum-group elements are concentrated in clay minerals (smectite and illive-smectite cluy)
formed by the alteration of the original microrekiite host. There is also an ubiquitous organic
carrier. Ruthenium and Ir were found 10 be leust susceptible 1o be fixed in organics. This
fact, combined with the geochemical coherence of Ru and Ir makes them more suitable than
the other platinum-group elements for estimaring the terrestrial platintun-group element input
to the boundary clay and for identifying the projectile.

The Ru/lr ratio of marine sections (1.77 + 0.53) is statistically different from that of the
terrestrial sites (0,92 + 0.28), and each represents a relarively coherent group. The murine
Ru/Ir ratios are chondritic (1.48 + 0.09), but the terrestrial ratios ure not.  Fractionation of
Ru and Ir during condensation from the ejecta cloud may account for the broad differences
berween marine and terrestrial sites. Post-sedimentary alteration, remobilization or
terrestrial PGE input may be responsible for the Ru/lr ratio variations within the groups of
marine and terresirial sites studied. Modelling indicares thar the marine ratios could also be
attained if = 15% of the boundary metals were contribured by Deccan Trap emissions.
However, volcanic emissions could not have been the principal source of platinum-group
elements in the boundary clay because mantle PGE ratios and abundances are inconsistent
with those measured in the clay. The Ru/lr values for pristine Tertiary mantle xenoliths (2.6
+ 0.48), picrites (4.1 + 1.8) and for the Deccan Trap basalt (3.42 £ 1.96) are all
staristically distinct from those measured in the Cretaceous-Tertiary boundary clay.

Several Canadian impact craters, believed to have been formed by the impact of chondritic
projectiles, were analyzed for platinum-group elements in order 1o test if the imerelement
ratios identify the chondrite (i.e., the nature of the impactor). However, the dirth of
literature data for various rypes of meteorites, the overall similarity in their platinum-group
element ratios, the unknown fractionation effect upon mereorite volatilization and
condensation, and the post-depositional alteration and remobilization of platinum-group
elements all hamper application of the technique. Consequently, platinum-group elements
cannot be readily uiilized for identifying impactors beyond broad groups of meteorites (e.g.,
chondrite vs. iron). Nevertheless, they can often be used as supporting geochemical evidence,
along with other elements (e.g., with Ni, Cr, Co abundunce and ratios). This is the case ar
the K-T boundary, where Ru/lr ratios, mineralogical and geochemical evidence all support a
chondritic nature for the impactor.



RESUME

La répartition mondiale de I’horizon d'argile marquant la transition Créracé-Tertiaire (K-
T) a été étudiée pour dérerminer: les phases minéralogiques ayant une concentration
anormale d'élements du groupe platinoide, 1'affinité de ces éléments pour les complexes
organiques dans des environnements & basse rempérature, et l'utilité des rapports des
élémenus platinoldes pour l'identification du type de projectile.

Des échantillons de la transition K-T provenan: de milieux marins et [erresires on: éré
séparés suivant leurs granuloméiries et analysés pour I’or et les éléments du groupe
platinotdes (Pt, Pd, Ru, Ir, Rh). Les analyses ont été effectuées en utilisant un
spectrométre de masse par plasma & couplage inductif de hawte sensibilité doni les limites
de détection sur des échantillons de 5 grammes sont 0.05 ppb (Rh, Ru, Ir), 0.1 ppb (P,
Pd) et 0.2 ppb (Au).

Les éléments du groupe platinoides sont concentrés dans les minéraux argileux: smectite
et illite-smectite. Ces minéraux sont les produirs d'altération des microtectites, a
I’origine hotes des platinoides. De plus, un porteur organique est omniprésent. Les
recherches démontrent que le Ru et I'Ir sont les moins susceptibles a former des
complexes organiques. Ce comportement du Ru et Ir associé & leur cohérence
géochimique les rendent plus appropriés que les autres éléments platinoides pour estimer
I'ajout d’éléments platinoldes & I'horizon marqueur, et aider & lidentificarion du type de
projectile.

Le rapport Ru/Ir des sections marines (1.77+0.53) se distingue staristiquement de celui
des sections terrestres (0.92+0.28), et chacun représente un groupe relarivemen:
cohérens. Les rapport marins Ru/Ir sont chondritiques (1.48+0.09), tandis que les
rapports terrestres ne le sont pas. Le fracrionnement du Ru et Ir durant la condensation
du nuage d’éjecta pourrait expliquer les variations entre les sites marins et terrestres.
L'altération post-sédimentaire, la remobilisarion ou un ajout par des platinotdes terresires
pourraient étre la cause des variations des rapport Ru/lr des groupes d’échantillons
marins et terresires. Un modele conceptuel propose que si =15% des métaux de
I'horizon marqueur provenaient des émissions volcaniques de Deccan, le rapport Ru/lr de
sites marins pourrait étre également aneint. Cependant, des émissions volcaniques
n’auraiens pu étre la source principale des éléments platinotdes dans I’horizon marqueur,
puisque les rapports et les quantités de platinoides dans le manteau ne correspondent pas
3 ceux de 'horizon marqueur argileux. Les valeurs Ru/Ir, pour des xénolithes du
manteau Tertigire (2.6+0.48), pour des picrites (4.11+1.8) et pour des basaltes "Deccan
Trap” (3.42+1.96), sont toutes statistiquement distinctes de celles analysées dans
P’horizon argileux de la transition X-T.

Plusieurs crateres canadiens, dont l'origine semble étre le résultat d’un impact par un
projectile chondritique, ont été analysés pour les éléments du groupe platinoldes afin de
déterminer si les rapports inter-éléments peuvent identifier la chondrite (i.e. la nature du
projectile). Cependant, le manque de données disponibles dans la linérature sur les
différerus types de météorites, les effets inconnus du fractionnement durans la



volatilisation et la condensation du météorite, la similarité générale dans le rapport
d’élémenzs platinoldes, ainsi que I'altérarion post-dépositionnelle et la remobilisation des
éléments du groupe platinotde rendent douteuse l'applicarion de ceite rechnique. En
conséquence, les élémenss du groupe platinolde ne peuvent pas étre directement utilisés
pour idensifier le type de projectile, mais seulement pour Uidensification générale du rype
de météorite (i.e. chondritique vs. ferreux). Néanmoins, ils peuvent étre souvent wiliséy
avec d’aures éléments (e.g. les quaniiiés et rapport de Ni, Cr er Co) comme évidences
géochimiques additionelles pouvant aider & cerner le type de projectile. Alnsi,
concernant la transition K-T, les rapports Ru/lr de méme que les évidences
minéralogiques et géochimiques suggérent un projectile de nature chondritique.
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CHAPTER ONE
INTRODUCTION

Sixty-five million years ago half of the biological families living on Earth became
extinct. Although not the largest mass extinction in Earth history, the one
paleontologically marking the Cretaceous-Tertiary (K-T) boundary has garnered much
attention since evidence was found to indicate a non-terrestrial causal event (Alvarez et
al., 1980). The fact that the 165 Ma long reign of the dinosaurs was terminated at the
end of the Cretaceous has focussed much public interest on the K-T boundary. It is also
one of the best preserved major extinction boundaries due to its relatively young age and
the small amount of oceanic crust that has been subducted during the past 66 Ma (<
30%; A.G. Smith in Alvarez et al., 1982). Alvr.ez et al. (1980) provided evidence to
support the previously suggested hypothesis (Ager, 1973; Napier and Clube, 1979) that a
5-10 km diameter meteorite impacted with the Earth and that the resulting environmental
stresses led to the mass extinction. The terrestrial cratering record indicates that bolides
with diameters =10 km have struck the Earth with an average frequency of one every 50
million years (Weatherill and Shoemaker, 1982). The primary evidence for a K-T impact
was the discovery of anomalously high concentrations of elements, such as iridium, in
thin clay layers marking the boundary at well preserved, globally distributed K-T sites
(Alvarez et al., 1980). Siderophile elements, like those of the platinum-group (PGE; Pt,
Pd, Ru, Ir, Rh, Os) and other noble metals (e.g., Au), are relatively concentrated in
metalliz iron and are therefore relatively abundant in the Earth’s interior and in certain
meteorites {e.g., irons, chondrites), compared to crustal rocks which typically contain

<0.01 ppb (Shaw et al., 1976). During the past decade, multidisciplinary studies of the

1



K-T boundary have produced much additional physical evidence in support of the K-T
impact hypothesis (shocked minerals: Bohor et al., 1987, lzett, 1990; soot deposits:
Wolbach et al., 1986; tsunami deposits: Bourgeois et al., 1988; stishovite: McHone et
al., 1989; spherules: Hildebrand and Boyntor, 1990). About 95 sites with enriched PGE
have been located in marine and non-marine sediments, on land and in ocean drilling
cores (see Alvarez and Asaro, 1990 and McLaren and Goodfellow, 1990 and references
therein).

Despite the mounting evidence which suggests that an impact did occur at the
termination of the Cretaceous period, it has also been suggested that the PGE enrichment
and extinctions resulted from a period of extensive, volcanism (Gificer and Drake, 1983,
1985; Courtillot et al., 1986; 1988; 1990). Zoller et al. (1983), Olmez et al. (1986) and
Toutain and Meyer (1989) have identified Ir in volatile phases erupting from hot spot
volcanoes like Kileuea, Hawaii. The Deccan Trap flood basalts (> 10° km?), extruded as
India moved over the Reunion hot spot, have been suggested as a possible PGE source,
as they were deposited during a 1-4 Ma period spanning the K-T boundary (Courtillot,
1990).

Several problems inherent to the interpretation of the anomalous PGE abundances
at the K-T boundary are: (i) the poorly understood behavior of the PGE during melcoritic
impact and in low temperature sedimentary environments; (ii) the difficulty in
distinguishing geochemically a meteoritic from a volcanic source, and (iii) the difficulty
in assessing the role that elemental mobilily plays in obscuring the geochemical signature,
as well as the relative timing of Ir deposition and mass extincdon. The overall objective

of this work is to address these issues by: (i) identifying the PGE carrier phase(s) and



assessing the possibility of PGE fractionation upon condensation from an impact ejecta
cloud; (ii) using PGE interelement ratios to characterize the source, and (iii) determining
the degree of PGE association with organic phases to yield a rough estimate of mobility.
The evaluation of a possible causal mechanism linking the origin of the K-T PGE with
the mass extinction is beyond the scope of this thesis. Exhaustive reviews are already
available (e.g., McLaren and Goodfellow, 1990; Glen, 1990).

The approach taken in this study involves three phases: 1) extensive, detailed
sampling of the most PGE-enriched and best preserved marine and terrestrial K-T sites,
2) separation of the boundary clay into mineralogical and organic fractions and
subsequent analysis for PGE, and 3) Comparison of K-T PGE abundances and ratios
with those of a broad suite of primitive igneous rocks formed in a range of geological
settings, including representative samples of the Deccan Trap basalt. Impact melt rocks
from various Canadian craters were also analyzed to evaluate the usefulness of PGE
ratios in the identification of possible impactors.

The application of a precise analytical technique (inductively coupled plasma mass
spectrometry with tellurium coprecipitation pre-concentration) has overcome the
limitations of low concentration and small sample size, and has allowed previously

unattainable PGE (particularly Ru) determinations on K-T clays and other common rocks.



CHAPTER TWO
ANALYTICAL METHODOLOGY

Historically, the most commonly utilized method of PGE determination has been
neutron activation analysis (NAA). The short half-life of Rh (4.4 min} and the
interference on Ru (from uranium fission-product Ru) meant that these elements were
rarely analyzed. The majority of PGE data has been limited to Ir and Pd, but with the
onset of new, sensitive techniques, such as the one employed here, the entire group can
be determined at the levels found in crustal rocks.

Sample Preparation

K-T boundary samples were submersed for 2 days in, and subsequently repeatedly
washed with, 4% acetic acid in order to obtain a sample for PGE analysis, free of
calcium carbonate. Despite the fact that 4% acetic acid will not dissoive all carbonate
minerals, stronger acid was not used due to the possibility that PGE could be selectively
leached. X-ray diffractometry of pre-treated samples showed that, in some cases, the
presence of dolomite cement prevented complete dissolution of carbonate minerals, with
up to 12% carbonate still present (Knappengraben-K1 and Petriccio-P-1). No correction
for this residual carbonate was employed since CG, could not be determined on individual
separates due to the sample size limitations. The undissolved carbonate dilutes the PGE
concentrations in size-fraction separates. It has been shown recently (Ping and Chifang,
1990) that 5% citric acid with 0.1% ascorbic acid solution (pH = 1.5) is most effective
for selective dissolution of all carbonate (including dolomite) in the K-T boundary clay.
This solution was successfully used here in the pre-treatment of sediments from Petriccio

and Elendgraben that were analyzed for background PGE.
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Figure 1, Flow chart of gravity grain
size separation procedure employed (Jackson, 1973).



Grain-size Gravity Separation

In order to separate various minerals in the K-T boundary clay, the gravity
separation procedure of Jackson (1973) was employed (Figure 1) at Agriculture Canada,
Ottawa. All separations were done in distilled water and no chemicals were added. The
clay minerals in terrestrial site samples dispersed instantly, however, flocculation of clay
minerals in marine samples was pervasive due to the presence of salts. Dissolved salts
were removed by repeated washing in distilled, deionized water. Five size-fractions were
obtained; clay (<2 um, which includes the < 0.2 gm fraction), fine silt (2-5 pm),
medium silt (5-20 um), coarse silt (20-50 um) and sand (>50 um). Pure mineral
separates are virtually impossible to obtain for samples thai are composed dominantly of
fine clay material. Purity of separates is indicated by the XRD results given in Tables 11
and l4a-c,

Inductively Coupled Plasma Mass Spectrometry: Isotope Dilution and External
Calibration

A detailed account of the preparatory steps and analysis can be found elsewhere
(Gregoire, 1988; Sen Gupta and Gregoire, 1989) and only a brief review of the procedure
is given below. All pre-treatment and analysis was performed at the Geological Survey
of Canada, Ottawa by the author and D.C. Gregoire, respectively.

Dissolution and digestion

An isotope spike (Pt, Pd, Ru and Ir) was added to five grams of weighed rock
powder prior to digestion. Early addition of a spike ensures that the chemical state of
both sample and spike PGE will be the same and, therefore, complete mixing and
equilibration will occur. For each experiment, calibration standards were prepared for

Rh and Au, and treated identically to samples. Reagent blanks (no spikes added) were



also prepared and treated as samples. Rh and Au were determined by external calibration
due to their monoisotopic nature. All other PGE were determined by isotope dilution.

The advantage of isotope dilution is that the determination of concentration by
isotope ratio (calibration isotope ratio/sample isotope ratio) yields results that are
insensitive to minor loss of material during preparation or variation in machine
sensitivity. External calibration necessitates preparation of a calibration curve
(determined by first analysing blanks and standards) and sample concentrations are
d i rmined from this curve. Although Rh analysis by inductively coupled plasma mass
spectrometry (ICP-MS) is very sensitive, Rh abundance is persistently near detection
limits in most crustal rocks. This, coupled with its analysis by external calibration
(susceptible to those analytical problems avoided by isotope dilution), may lead to error
in Rh determination by this method. The insensitivity of the mass spectrometer for At as
well as its determination by external calibration can lead to difficuity in Au
determination. Since osmium volatilizes upon addition of aqua regia and does not
coprecipitate with tellurium, Os analysis could not be performed by this method.

Silicates were digested with hydrofluoric acid (HF) and PGE were dissolved by
aqua regia (3:1 HCLHNO;). Incomplete dissolution can occur in samples with > 1-2%
chromite. These residues were treated separately as described below.
Chromite Fusion

For samples that exceeded 1% chromite ( Alligator Lake xenoliths, Baffin Bay
picrites, Deccan Trap samples DT 34 and 52), digestion with HF and aqua regia was not
sufficient for complete dissolution. Chromite is a known carrier phase for PGE (Barnes,

1985). Platinum-group element abundances determined on unfused chromite-rich samples



represent minimum values since PGE bound in chromite is not dissolved. Such chromite-rich
samples were treated as follows. Perchloric acid was heated with the washed, undissolved
residue to evaporate fluorides, thereby decreasing the volume of material present for
subsequent fusion. This lowers the potential for contamination by reducing the amount of
sodium peroxide needed to fuse the sample. Solutions were washed in 6M HCI to dissolve
the residue, and the supernatant was reserved. The chromite-bearing residue was fused with
sodium peroxide in zirconium crucibles, then dissolved in dilute (6M) HC! and combined
with the supernatant. Enriched isotope spike (Pt, Pd, Ru and Ir) was added to the solution
and tellurium co-precipitation followed.

Separation of PGE from buik matrix

Tellurium co-precipitation of PGE with stannous chloride (Elson and Chatt, 1983;
Shazali et al., 1987) was used to separate analyte from matrix components. The efficiency of
Te co-precipitation for PGE is 98-100% (Shazali et al., 1987). Filtered precipitate was
dissolved in aqua regia and transferred in 5 ml of 1.5M HNO, solution to small centrifuge
tubes for analysis.

ICP-MS analysis

Analysis of solutions from a 5 gram saraple by ICP-MS (Perkin-Elmer Siex Elan
Model 250) yielded detection limits of 0.1 ppb for Pt and Pd, 0.01-0.05 ppb for Rh, Ru and
Ir, and 0.2 ppb for Au. Detection limits were calculated as 3 times the standard deviation for
10 reagent blanks that were treated as samples. Since blanks were included with each set of
samples analysed, detection limits varied with each experiment. Maximum values are given
above. When less than 5 grams of rock powder was analyzed, detectien limits (3g) were
adjusted accordingly (e.g., for a 1 gram sample detection limits were 3¢ x 5 ).

Analytical precision for research grade analysis using these methods is dependent



upon sample size, distribution of PGE within the sample and mass spectromter sensitivity. A
"blanket” analytical precision for ICP-MS with Te co-precipitation for all samples analysed in
this work cannot, therefore, be determined. At the ppb level, heterogeneity of PGE
distribution inevitably exists and large error is therefore expected for multiplicates of rock
samples in this range. Table 1 presents duplicate and triplicate analyses for PGE in a range
of different rock samples, none of which are from the K-T boundary. One indication of the
precision of these measurements is the standard deviation, calculated on the average
difference between duplicates. Precision for the Deccan Trap basalts, as percent standard
deviation are: 17% (Pt), 8% (Pd), 34% (Ru), 86% (Ir), 32% (Au), >100% (Rh). The
reproducibility for Ru, Ir and Rh is quite poor since values are persistently at or below
detection limits in most of the basalts analyzed. Heterogeneous distribution or remobilization
of Au may explain the poor precision on its determination in these rocks. Precision
determined on the melts rocks are: 20% (Pt), 10% (Pd), 3% (Ru), 13% (Ir), 70% (Au),
> 100% (Rh). Here, the precision on Ru and Ir determination is much improved as values
are significantly above detection limits. Inhomogeneous Au distribution and low Rh
concentration may account the for poor precision on determination of these elements in meit
rocks. Similar precision determinations on X-T boundary clay could not be made due to
sample size limitations. The low concentration of PGE in the Deccan Trap basalis,
heterogeneous distribution of PGE within the melt rocks and variations in mass spectrometer
sensitivity between experiments negate the confidence limits given above from being directly
applicable to the K-T boundary sediments. They can, however, provide rough estimates of
the limit of confidence for the K-T boundary samples.

Analytical precision calculated for non-homogenized, small samples with variable

matrix is not as meaningful as that determined by repeated analysis of homogeneous material.
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Table 1. Duplicate analysis (in ppb) of various igneous and impact melt rocks.

Pt Pd Ru Ir Au Rh
Deccan Traps
DT-33 42.0 18.0 0.076 0.026 17 0.069
38.0 17.0 0.19 0.30 14 0.15
DT-35 9.0 17.0 0.39 0.053 12 0.046
10.0 16.0 0.43 0.070 10 0.071
11.0 17.0 0.47 0.073 10 0.10
DT-38 6.7 2.6 0.077 0.060 6.6 0.02
‘ 1.0 2.8 0.070 0.046 6.9 0.022
DT-42 11.0 52 0.19 Q.11 12 0.016
9.0 5.5 0.035 0.086 16 0.02
DT-43 0.42 1.4 0.12 0.074 2.5 -
Q.60 0.51 0.035 0.024 2.6 -
DT-45 4.7 4.9 0.059 0.082 4.0 0.013
3.9 4.3 0.085 0.26 6.4 0.028
DT-46 3.8 2.0 0.27 - 16 0.11
5.3 20.0 0.24 0.056 6.7 0.022
DT-50 9.9 ] 6.7 0.97 0.17 7.5 0.027
2.1 5.5 1.00 ) 0.15 4.5 0.031
Standard Deviation 1.8 0.75 0.09 0.09 2.9 Q.26
Galapagos Islands
GR-1645-3E 1.3 0.61 0.10 0.10 .- .-
3.4 0.64 Q.09 0.080 2.1 ...
1.3 0.51 0.084 0.035 1.1 0.011
GR-D5 1.0 0.14 G.21 0.13 0.38 .-
1.5 0.31 Q.13 0.043 0.65 .-
1.2 0.11 0.058 0.041 1.4 .-
Meit Rocks
New Quebec 17.0 5.4 9 1.5 18 0.069
RANQ-3a 17.0 6.7 4.0 1.9 5.8 0.057
New Quebec 16 4.3 33 1.7 4.3 1.0
RANQ-3b 13 5.4 35 2.0 2.4 0.029
‘Wanapitei 4.1 4.3 4.3 1.6 15 1.0
MSWX-200-70 7.5 4.7 4.5 1.9 5.3 0.094
Breat 15.0 8.3 7.8 3.0 11 2.2
BI-59-2781-0 21.0 3.9 7.3 2.5 3.2 0.095
Standard Deviation 2.7 0.62 0.13 0.27 4.5 0.88
For full sample ideptification, refer to Tables 16, 17, 21. All duplicate analysis was performed on portiona of a
single homogenized powder. -.- denotes values below the limit of detection.
Standard deviation for n similar samples, analysed in duplicats (x, x,} was calculated by; St = [L{x,-x,)%)/2n.
W




Unfortunately, there is a lack of rock standards for PGE at the detection limits of the present
technique. Precision estimated from multiple analysis of USGS standards DTS-1 (dunite) and
W-1 (diabase) are given in Table 2. The high variability of PGE for DTS-1 may result from
heterogeneous distribution of PGE-rich chromite (3900 ppm Cr) in the dunite. Precision as
percent standard deviation for standard W-1 were the following: 13% (Pt), 7% (Pd), 6%
(Ru), 0.7% (Ir), 24% (Rh). Only one Au value was determined and it is very close to the
accepted value (Govindaraju, 1989). W-1 probably gives a better estimate of analytical
precision for Ru, Ir and Rh than the Deccan Trap samples (Table 1), simply because it
contains abundances well above the detection limits. W-1 has been homogenized during
standard preparation and has a low Cr content (119 ppb; Govindaraju, 1989). However,

heterogeneity may still be present as noted by Fritze and Robertson (1969) for Au and,

therefore, precision determined on W-1 may also be more sample than analytically dependent.

Table 2. PGE content {(in ppb) of U.S.G.S. Standards W-1 and DTS-1.

11

Pt Pd Ru Ir Rh I Au
W-1 13 14 0.2 0.3 - 4.3

10.2 11.9 0.17 0.30 0.047

11.5 13.0 0.17 0.28 0.037

10.8 13.4 G.16 0.32 0.052

13.6 14.0 0.19 0.31 0.030 4.0
Mean (SD} 11.5 13.1 0.17 0.30 0.042

(1.5) (0.88) {0.01) (0.02) (0.01)
DTS-1 - - - 0.69 0.83 0.92

47.4 9.2 2.0 0.18 0.10

18.9 2.2 3.0 0.11 0.13

- 62 13.4 2.5 - -

- 35.4 9.1 1.6 - -
Mean (SD) 33 27 6.9 1.1 0.12

1) (5.4) (1.2)

Certified values (Govindaraju, 1989) are bolded. SD = Standan! Deviation. - = no dato,




QOrganic treatment 12
Selective dissolution of organic material and associated platinum-group metals was
accomplished using an overnight sodium hypochlorite (5% NaOC!) digestion prior (o
tellurium co-precipitation (Gregoire, 1985). The PGE associated with the organic
fraction and the PGE in the residual mineral phases were analysed separately to determine
the percentage of the elements associated with organics n the bulk sample. No estimate
of the amount of organic material present could be made due to sample size limitations.
An HCI, HF leaching procedure for kerogen extraction has been used previously
(Schmitz et al., 1988) in a study of PGE-organic complexing at K-T boundary sites
(Stevns Klint, Denmark and Caravaca, Spain). However, the high percentage of
organically-bound Ir found by Schmitz et al. (1988) (>50% versus 3% determined here;
Table 4) may imply some contamination of organic matter by mineralogically-bound PGE
during the kerogen extraction procedure. It has been determincd (Gregoire, 1985) that
<0.01% to 3.4% of the Au in mineral phases is solubilized with the NaOCl treatment. No
data exist for the other PGE. Stripping of PGE from mineral phases will depend on grain

size and the composition of the mineral host (Gregoire, 1983).

X-Ray Diffractometry

XRD analysis was performed on ail size separates in order to estabiish the mineralogy
and aid in identification of the PGE carrier phase(s). All analysis was done on oriented
samples, mounted on glass slides. Samples were run air-dried, glycolated and after heating to
540°C in order to identify various clay minerals. Diffraction analysis of marine sites was
done at CANMET on a RIGAKU automated powder diffractometer with a rotating anode and

copper target (CuKa, = 1.54098A). Runs were made in increments of 10° in 2¢/min.
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Scans were from 2-90°. The terrestrial sections were analyzed at the Ruhr Universitit in
Bochum, Germany with the same run increments and degrees scanned. The results are given

in Tables 11 and [4a-c.

Scanning Electron Microscopy

Mineral separates were examined at the Geological Survey of Canada using a
Cambridge S-200 scanning electron microscope (SEM) with a Link AN10/855 energy
dispersive X-ray analyser. A small amount of representative powder was mounted on double-
sided tape-covered stubs and then carbon-coated. Samples were chosen for SEM on the basis
of high PGE content in a hope of identifying the PGE carrier phase or of eliminating certain
minerals as carrier phase candidates (e.g., ilmenite at the Elendgraben site), and also to check
the purity of mineral separates. No discreet PGE-bearing grains were detected and due to the
extensive mechanical disaggregation of the size-fraction separation process, no originai

textures were observed in the boundary clay layer(s).



CHAPTER THREE
CRETACEOUS-TERTIARY SITEx: SELECTION AND STRATIGRAPHY
Site Selection
The selection of K-T boundary sites for this study (Figure 2a,b) was based on the {ollowing
criteria; 1) the level of PGE enrichment from previous work, 2) well-documented detailed
stratigraphy, 3) sedimentary environment (marine vs. terrestrial sites), 4) degree of
preservation and exposure and, 5) accessibility and sampling opportunity.

Criterion (1) was important for two reasons. First, separation of the bulk K-T
samples into grain size-fractions results in small sample size (often < | gram). Since PGE
are not uniformly partitioned among all mineral and organic phases (Chapter §), some
fractions may have concentrations below the detection limit, Secondly, the probability of
identifying the PGE carrier phase(s) using physical separation techniques or SEM methods is
highest in samples having the highest PGE content. The detailed stratigraphy (2) was vital
for accurate samnling of the thin (often <0.5 cm) boundary clay in extensive sections
spanning the K-T boundary. Criterion (3) was essential in order to representatively document
the global nature of the event. It is, however, also essential that poorly preserved or exposed
sections (4) be excluded from consideration. The original discovery site for the K-T PGE
anomaly was near the Italian fown of Gubbio, but this section was not open to sampling at the
time of field work for this study, and flooding prevented the sampling of several New

Zealand sites (Flaxbourne River, Chancet Rocks, Wharanui and Waipara).

Marine K-T sites consist mainly of pelagic and hemipelagic sediments, deposited

beyond continental margins in deep-water environments (McLaren and Goodfellow, 1990).

14
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1990). The sites studied include Petriccio, Italy (Montanari et al., 1983), Knappengraben
and Elendgraben, Austria (Preisinger et al., 1986) and Agost, Spain (Smit et al., 1988;
Groot et al., 1989). Continental shelf sediments are fom.md in marine sections from
Stevns Klint, Denmark (Birkelund and Hakansson, 1982) and Woodside Creek, New
Zealand (Strong, 19‘}7; Brooks et al., 1986a). The X-T boundary in non-marine sections
from the Western Interior of North America is preserved in paleo-fluvial, -pond and -
swamp environments. The lithologic record in the Raton Basin of Colorado (Clear Creek
North; Starkville South and Berwind Canyon), Wyoming (Lance Creek), Alberta (Red
Deer Valley) and in Saskatchewan (Morgan Creek) shows deposition of the boundary clay

just prior to the onset of coal formation (Izett, 1990).

Sampling Methods

The K-T boundary sites sampled include Petriccio, Knappengraben, Elendgraben,
Woodside Creek, Stevns Klint, Agost and the Raton Basin sites. Samples from Red Deer
Valley, Morgan Creek and Lance Creek were donated by others. Once the section
containing the K-T boundary had been located, the outcrop was cleared and brushed to
prevent infall of soil and other debris during sampling. Where possible, the outcrop face
was excavated 0.5-1 m to expose fresher material for sampling. The stratigraphic level
of samples was measured from the top Cretaceous ("0 cm" horizon). Sampling tools
included brushes, wallpaper scrapers, plastic knives, rock hammer and chisels. No
jevrelry was worn during sampling. Disposable plastic knives were us=d to remove,
separate and clean the individual layers of the boundary clay. Samples were collected

from the highest to the lowest stratigraphic level (e.g., Tertiary background sample(s),

17



boundary clay layers, Cretaceous background sample(s)), and each was brushed clean
before being placed in a labelled plastic bag. Due to the large numbers of scientist
studyil;g the K-T boundary, the boundary clay had often been deeply excavated and it
was difficult to acquire enough material of the often < lcm boundary clay layer,
particularly at Woodside Creek and Petriccio. At Stevns Klint, care had to be taken not
to undercut the outcrop as large boulders of Tertiary rock had been known to fall on

unsuspecting samplers (H. Hansen, pers. comm. 1988).

Generalized Stratigraphy of the K-T Boundary Interval

The correlation between the fossil-defined marine and pollen-defined terrestrial K-
T boundary sequences is based on the observation that, 1) both boundaries occur in
reverse polarity magnetozone 29R (Shoemaker et al., 1987) and 2) PGE and shocked
mineral (Izett, 1987) spikes are restricted to a thin unit in both realms (Izett, 1990). The
type sections for the marine and terrestrial K-T realms are shown schematically in
Figures 3a and 5a and in photos in Figures 3b and 5b.

The marine sequence, (Figure 3a,b) described by Smit and Romein (1985), shows
five lithologic units, which reflect the sequence of events across the K-T boundary.
Although local details may differ, the sequence, or parts thereof, can be found in almost
every well-preserved K-T marine section worldwide, indicating a globally similar
sequence of events. Uit 1 is a Late Cretaceous homogeneous sequence of hemipelagic
or pelagic calcareous cozes, limestones and marls witr the top 10-20 cm commeonly
bioturbated. This unit is overiain by Unit 2 which contains shocked minerals, graded

spherules, high siderophile (including PGE) and chalcophile element anomalies, a high

18



Figure 3a,b. Type section stratigraphy for a generalized marine K-T boundary interval;
a) schematic section (after Smit and Romein, 1985),
b) K-T boundary section exposed at Stevns Klint, Denmark.
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Figure 4. Pyrite nodule aitered to goethite at the Stevns Klint site, Denmark.
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sulphide content and almost no benthic organisms. The later two characteristics indicate

anoxic conditions. The common red coloration in weathered sections is due to pyrite
oxidation to goethite (Figure 4). Tsunami deposits (Bourgeois et al., 1988) or an
erosional hiatus (Jones et al., 1987) can mark this horizon. Unit 3 is a graded dark to
pale grey, orgénic-tich layer with normal detrital clay (e.g., comparable to units I or 5)
and with 20-40% carbonate originating from reworked species or from the few survivors.
*Strangelove” conditions (low productivity following a biotic crisis; Hsii and Mackenzie,
1985) characterize this unit. An increase in carbonate productivity oceurs near the pale
grey top. The first Paleocene planktonic fauna appear in Unit 4, followed by an
explosive increase in carbonate productivity and sedimentation. Normal marine
sedimentation in the form of Lower Paleocene pelagic marls dominates in Unit 5, but
with completely new planktonic biota.

For terrestrial sections (Figure 5a,b) the generalized sequence of K-T boundary
layers is different to that of the marine sites (Izett, 1990). The Upper Cretaceous rocks
of Unit 1 are mudstone, carbonaceous shale, coal, impure coal or sandstone with
dominant pollen of angiosperms. Unit 2, 1-2 cm thick, has been termed by its
discoverer, C.L. Pillmore, the *K-T boundary claystone” (izett, 1990). It is dominated
by clay minerals such as microspherulitic kaolinite, illite/smectite (I/S) mixed-layer clay
or smectite, and is essentially free of clastic grains. A marble cake appearance with root-
like structures, plant impressions and vitrinite lamina characterize the unit, indicating
inclusion of plant material during its deposition (I-~tt, 1990). This unit contains a small
Ir anomaly (0.07-0.32 ppb), low Ni contents (<2-15 ppm; mean = 4.8 +4.2 ppm for 8

sites; Izett, 1990) and no shocked minerals. The unit is not a blanket-like layer, but



Figere 5a,b. Type section stratigraphy for a generalized terrestrial K-T boundary interval; a)
schematic section (after Izett, 1990), b) K-T boundary section exposed at Berwind Canyon site,
Raton Basin, Colorado.



22

UNITS LITHOLOGY

boundary

4 coal bed /
carbonaceous
shale

PGE anomaly
Shocked minerals
P olien extinction

impact layer

boundary
claystone

Cretaceous e mudstone,
carbonaeous
_ ~{ shale, coal,
~ impure coal

- or sandstone

Tertiary




23

occurs sporadically across western North America in fine-grained sediments, adjacent to
coal swamps (Izett, 1990). It is not found in any of the marine sites and is interpreted by
Izett (1990) as a pedogenic claystone that formed over a broad area in a tropical-
temperate zone. Unit 3 has been termed the "K-T boundary impact layer" by Izett
(1990). This 3-8 mm thick unit, usually in sharp contact with the boundary claystone
below, is composed mainly of kaolinite and I/S mixed layer clay. The unit is
microlaminated and contains planar vitrinite laminae, but is different texturally from the
microspherulitic Unit 2. The boundary impact layer marks the major reduction of
characteristic Cretaceous pollen genera (Tschudy and Tschudy, 1986). It concentrates
shocked minerals and siderophile elements and correlates with the Unit 2 in the marine
sections. Directly overlying this layer is the Unit 4, the "K-T boundary coal layer" or
carbonaceous shale (Izett, 1990), which can contain almost as much Ir as the impact layer
due to PGE remobilization (Nichols et al., 1986; Wallace et al., 1990). The base of the
coal sequence is dominated by fern spores with a few pollen grains. Higher up in the
section, the percentage of angiosperm pollen increases and the proportion of fern spores
diminishes. Ten to 15 ¢m above the boundary, pollen once again becomes dominant

(Tschudy and Tschudy, 1986).

Detailed Stratigraphy of the K-T Sites Studied

Detailed lithological sections have been published for all sites studied (Birkelund
and Hakansson, 1982; Montanari et a° 1983; Montanari, 1986; Preisinger et al., 1986;
Groot et al., 1989; Smit, 1977; Stroang, 1977; Lerbekmo et al., 1979; Lerhekmo and St.

Louis, 1986; Lerbekmo et al., 1987; Nichols et al., 1986; Bohor et al., 1987b; Izett,
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1990). Description of stratigraphic sections for each site sampled in this work follow.

Samples of each unit were taken in all cases, but time limitations precluded analysis of all
samples. Arrows indicate samples analysed for PGE, either for boundary layer(s)

abundance (Tables 9 and 14a-c) or for background analysis (Table 5).

Marine Sif
Petriccio, tal

| The Petriccio section (Figure 6)(lat 45° 36.7'N, long 12°38.7"E) in the Scaglia
Rossa Formation has an abnormaily thick boundary clay (2.6 cm) and is essentially free
of tectonic shearing and surface contamination with younger material (Alvarez and
Lowrie, 1981). The boundary clay lies between pelagic limestone beds which have been
homogenized by bioturbation (Montanari et al., 1983). The clay layers, however, have
not been seriously disturbed by burrowing organisms as shown by the preserved
millimeter-scale laminations of red and green clay in the lower part of the clay.
Oxidation in the section is reflected in variations in sediment coloration (dark pink
limestone more oxidized). Peak Ir and spheroid abundances coincide in the red part of

the boundary clay (Montanari et al., 1983).

Knappengraben. Elendgraben, Austria

The Knappengraben, Gams (lat 47°40'N, long 14°45'E) and Elendgraben, Gosau
(la* 47°33.2'N, long 13°28.2°E) sections (Figure 7a-c) in the Austrian *!ps have a
relatively thin boundary clay layer (3 mm) deposited in a deep-sea environment. The

adjacent sediments are a sequence of alternating sandstone, siltstone, limestone, marly



Figure 6. Stratigraphic section of the K-T boundary interval at Petriccio, Italy.
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Figure 7a-c. (2) Stratigraphic section of the X-T boundary interval at Knappengraben, Gams,
Austria and Elendgraben, Gosau, Austria. (b) Photo of the K-T section at Knappengraben.
(c) Photo of the K-T section at Elendgraben. Boundary clay is located at the arrow.

Black marks on ruler (b) are 1 cm. Hammer in (c) is 30 cm long.
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limestone and marls which are partly turbiditic and partly hemipelagic (Preisinger et al.,
1986). The sections are very similar (both part of the Gosau Formation), but the upper
Cretaceous limestone at the Elendgraben site is flatter with less induration than at Gams
(H. Stradner, pers. comm., 1988). The Knappengraben section was sampled at two
locations in order to assess the horizontal continuity of PGE distribution in the boundary
clay. The boundary clay is composed of a thin (1 mm) layer of light grey clay where
shocked quartz is concentrated and 2 mm of yellow PGE-rich clay (szimple analysed here
for PGE). There is no evidence of bioturbation in the boundary layer which is extremely

well-preserved (Preisinger et al., 1986).

W i w Zealan

The Woodside Creek site, located in northeastern Marlborough Province (lat
41°57°S, long 174°03°E) has an 8 mm thick, highly weathered ferruginous clay marking
the boundary (Figure 8a—). This layer separates thinly bedded pink to cream
argillaceous limestones with occasional carbonaceous clay partings (Tertiary), from
underlying thickly bedded white-grey Cretaceous argillaceous limestone with flint lenses
(Brooks, 1986a). Both the lowermost Tertiary and uppermost Cretaceous rocks are
missing at this site and the upper Cretaceous limestone shows shallow depression~ into

which the boundary material has been winnowed and redeposited (Bohor, 1990b). The

section is highly silicified (Brooks, 1986b).

in nm

The site sampled (Figure 9a,b) at Stevns Klint (lat 55°16.7'N, long 12°26.5°E)



Figure 8a-c. (a) Stratigraphic section of the K-T boundary interval at Woodside Creek, New
Zealand. (b) Photo of the K-T boundary interval at Woodside Creek. Boundary clay is located at
the arrow. Black marks on ruler (b) are 1 cm. (c) Photo of the boundary clay at Woodside
Creek. Coin is 5 mm across.
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N
was exposed along the cliffs, about 2 km west of Hojerup church. The boundary layer is

a marl overlain by thick Tertiary limestone and chalk sequences and underlain by thick
(=900 m; Elliot et al., 1989) accumulations of Cretaceous bryozoa-rich chalk containing
numerous flint beds and nodules (Schmitz, 1985). The Cretaceous chalk was deposited as
low mounds, as is revealed by the undulating ngrure of flint beds (Birkelund and
Hakansson, 1982). Extensive study of this site has led to detailed description of
boundary "fish clay” sub-layers (e.g., Ekdale and Bromley, 1984; Schmitz, 1985). The
upper and lower boundariés of the clay are characterized by alternating marl and
carbonate seams, which have been altered by solution-compaction to form a microstyolitic
fabric of tiny, lenticular chalk nodules, separated by clay laminae. The microstyolitic
transition is 0.5 to 2 cm thick at the lower contact (upper Cretaceous chalk and fish clay)
and is more than 2 cm thick at the upper contact (fish clay and lower Tertiary limestone-
chalk). The chalk trough-mound structure and microstyolitic transition has provided an
uneven surface on \a;:hich the fish clay was deposited (Ekdale and Bromley, 1984). The
fish ciay itself can be subdivided into obvious subunits (Figure 9b) (Christensen et al.,
1973; Schmitz, 1985). The entire bed is thickest and most complete in interbiohermal
troughs. The subunits (from Schmitz, 1985) include (from bottom to top): Lower layer
IO, 1 cm of laminated, spheroid-rich red smectitic clay with numerous burrows,
microcrystalline pyﬁte spheroids that are partially or wholly altered to goethite and
shocked quartz (Schmitz, 1985) (SK 3 in this work); Upper layer I, 2-3 cm of
reduced, organi~-rich black marl, rich in fish scales with less pyrite spheroids than *=
underlying red layer (SK 2 in this work): layer IV, 3 cm of dark to light grey laminated

marl with included fragments of chalk (SK 1 in this work). Flattened burrows are



Figure 9a,b. (a) Stratigraphic section of the K-T boundary interval at Stevns Klint, Denmark
with a close-up of the fish clay (b).
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common in layer IV (Figure 9b) but are not seen in the black or red layers. The high

organic content, lack of bioturbation and presence of pyrite indicate anoxic conditions

existed during fish clay formation (Schmitz, 1985).

Agost, Spain

The Agost site (lat 38°26’N, long 0°36"W) occurs in the Betic Cordilleras
stratigraphic unit in Spain and is almost identical lithologically, geochemically and
paleontologically to the well-described Caravaca, Spain site (Groot et al., 1989), 100 km
away. At Agost, however, the K-T interval is better preserved since it is not disturbed
by tectonic movements and shows minimal surface weathering (Smit et al., 1988).
Sedimentation is continuous and sedimentation fates are high (Smit, 1990). The 2 mm
thick, unbioturbated, green boundary clay lies within a sequence of open-marine,
hemipelagic, interbedded marl, limestone and turbidites (Figure 10). The upper
Cretaceous unit is a clayey marl with numerous burrows and abundant planktonic
foraminifera. The lowest Tertiary rocks are clay and marly clay with bioturbation

returning 2 ¢m above the impact layer. Spherules and shocked quartz are located at the

base of the boundary clay (DePaolo et al., 1983).

The sequence at all studied Raton Basin (lat 36°54°N, long 104°27'W) sites is
very similar (Figure 11a-c). The boundary clay occurs in the Raton Formation, a rock

sequence deposited in freshwater swamp and flood plains. The upper Cretaceous rock



Figure 10. Stratigraphic section of the K-T boundary interval at Agost, Spain.



+10CM ==

OCM s

-10cM =

Agost, Spain

H}.’

et e B

PRE

e gy

LA

v

, 7 LA
h\K AR

4

~

AR IR

.3

-

e R L Y SRR TN

PN AL
QWA A
PN A

s A NN
Vil T G

K-T

35

white clay,
marly clay

green boundary clay,
spherules & shocked
quartz at base

whitish clay,
clayev marl with
burrows



36
unit is typically very fine grained carbonaceous shale, often with thin, discontinuous coal

beds. This unit forms a gradational contact with the overlying light grey boundary
claystone, a 1-2 cm thick, uniform llcaolinitic bed which underlies the =1 cm thick impact
layer. The claystone contains fossil plant material, vitrinite laminae and swirls of
vitrinite that may be deformed roots of plants (Izett, 1950). The Berwind Canyon
section is one of the best preserved and most complete terrestrial K-T sections (G. Izett,
pers. comm., 1988). At Clear Creek North (Figure llc), shocked quartz is found in the
claystone, although clastic grains do not usually occur at all in this layer (Izett, 1990).

At all other sites, shocked minerals are contained in the lower part of the impact layer.
Also at Clear Creek North, the boundary claystone occasionally pinches out into
carbonaceous shale. At this site the boundary claystone and carbonaceous shale may
have been reworked prior to deposition of the impact layer (Izett, 1950). The sample site
chosen for this work was a continuous vertical sequence which included the claystone.

At Berwind Canyon, the contact betWeen the impact layer and boundary claystone is
irregular on a small (<0.5 mm) scale. Indications are that desiccation-like cracks

formed on top of the boundary claystone and were subsequently filled with impact layer
sediment (Izett, 1990). Goyazite spherules, of non-impact origin, occur in the boundary
claystone (Izett, 1990). The impact layer is a laminated claystone with pellets of
cryptocrystaliine kaolinite (rip-up clasts of underlying claystone layer; Izett, 1990). The
lower Tertiary coal bed varies from 4-8 cm in thickness. At Starkviile South (Figure
11b) a thin, impure coal bed lies directly on top of the impact layer. Fine sandstone with

minor mudstone, siltstone carbonaceous shale and thin coal beds occur above the

boundary coal bed.



Figure 1la-c. (a) Stratigraphic sections of the K-T boundary interval at Berwind Canyon,
Starkville South and Clear Creek North, Raton Basin, Colorado. (b) Photo of the K-T
boundary interval at Starkville South. (c) Photo of the K-T boundary interval at Clear Creek
North. Impact layer is located at the arrow. A photo of Berwind Canyon is provided in
Figure 5b.
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Regd Deer Valley, Alberta

The 1 cm thick boundary layer at the Red Deer Valley site (Figure 12) is found
within a sequence of coal and mudstone of the Scollard Formation. The massive Nevis
coal seam overlies the impact layer. The boundary claystone has been identified at this
location by G. Izett, but was not analysed in this work. The upper Cretaceous rocks are
mudstone. Samples of impact layer »\'/ere donated by J. Lerbekmo (location given as

Scollard Canyon, NE1/4, sec. 11, tp 34, rge. 22, W 4th mer.).

Morgan Creek, Sagkatchewan

At the Morgan Creek site (Figure 13) (lat 49°15.8'N, long 106°19'W), the K-T
boundary is located approximately at the contact between the bentonitic mudstones and
siltstones of the Frenchman Formation (upper Cretaceous) and the overlying sandstone,
siltstone, mudstone, carbonaceous shale and coal of the Ravenscrag Formation (lower
Tertiary). These units were deposited in alluvial and lacustrine environments and the
boundary clay marks the contact between coal-bearing strata (above) and dinosaur-bone-
bearing strata (below). The stratigraphically-highest dinosaur bones have been found 10
m below the boundary. The 2 cm thick brown-black carbonaceous claystone impact layer
is underlain by a 1.5 cm pinkish-tan boundary claystone. Shocked quartz was identified
(Nichols et al., 1986) in the impact layer. A sample of the impact claystone was donated

by D.J. Nichols (collected by F. Fleming).



Figure 12. Stratigraphic section of the K-T boundary interval at Red Deer Valley, Alberta
{after Lerbekmo and St. Louis, 1986).
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Figure 13. Stratigraphic section of the K-T boundary interval at Morgan Creek,
Saskatchewan (after Nichols et al., 1986).



+1Mm =

+50cm

Ocm -

-50Ccm ==

.1m—|

41

Morgan Creek, Saskatchewan

a” kA AR AN AA A A A

A AR A AN AR A aA

mudstone

coal

mudstone

Ferris coal No. 1

/ impact layer of brown-black

carbonaceous claystone (with
shocked quartz)
pinkish-tan boundary claystone

mudstone



Lance Creek, Wyoming 42
The boundary interval at the Lance Creek site (Figure 14) occurs within the Lance

Formation. The 0-3 c¢m thick boundary claystone contains goyazite spherules while the

overlying 2-3 mm thick claystone contains shocked minerals (Bohor et al., 1987). The

lower Tertiary rocks are clay-shale with numerous plant fragment impressions. The

upper Cretaceous rocks are > 25 cm of carbonaceous shale. A sample of the impact

layer was donated by D.J. Nichols (USGS Paleobotany locality D6888: SE1/4, SW1/4,

SE1/4 Sec. 5, T.38N., R.65W., Niobrara County, Wyoming; USGS Dixon Ranch 71/2’

quadrangle}.



Figure 14. Stratigraphic section of the K-T boundary interval at Lance Creek, Wyoming
(after Bohor et al,, 1987b).
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CHAPTER FOUR

GEOCHEMISTRY OF PLATINUM-GROUP ELEMENTS

The most difficult aspect of evaluating the behavior of PGE at the K-T boundary
is the dearth of published data for PGE in sediments (Tredoux et al., 1989). A cursory
overview of PGE geochemistry follows. The discussion concentrates on the chemical
conditions pertinent to the formation of PGE-rich layers in sedimentary environments and

presents new background data for crustal PGE abundances.

Geochemical Affinities

The PGE are a group of siderophile (and to a lesser extent chalcophile) elements,
thus having a geochemical affinity for metallic iron and sulphide phases (Barnes, 1985).
Partition coefficients for PGE between silicate and sulphide liquid are unknown (Barnes,
1985), but D™® . estimates range from 1(? (Ross and Keays, 1979) to 10° (Campbell
and Barnes, 1984) with a trend of increasing D from Os>Ir>Ru>Rh>Pt>Pd (Barnes,
1985). Gold, not strictly a PGE but a noble metal, will be included in the term PGE,
unless otherwise indicated. Within igneous melts, PGE exist in discrete minerals or as
intermetallic compounds of <1 um-size in oxide or silicate minerals (Cousins and
Vermaak, 1976). Common carrier phases (hereafter defined as a phase with which PGE
are found to be associated) are olivine, sulphides, chromite and platinum-group minerals
(PGM; Barnes et al., 1985). Lattice substitution of PGE for metallic cations, although
theoretically possible, is not widely accepted (Cousins and Vermaak, 1976). Based on
their geochemical coherence, the PGE can be subdivided into groups, such asg Iridium

44
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PGE (IPGE; Ir, Os, Ru) and Platinum PGE (PPGE; Pt, Pd, Rh and Au). This grouping

is a result of differences in size (Table 3) and in the chalcophile nature of the PPGE.
The PGE content in sulphur-poor silicate rocks increases from felsic to ultramafic types
(Crocket, 1981a), a trend that may abruptly change with the appearance of sulphides at
sulphur-saturation. Platinum-group elements are more abundant in iron than stony
meteorites (see Table 19). They are concentrated in the metallic phases of meteorites
(Crocket, 1972; Rambaldi, 1976, 1977a, 1977b) and are purported to be concentrated in
the Earth’s core and lower mantle (Cousins, 1973). Detailed reviews of PGE
geochemistry and partitioning are presented elsewhere (Cousins, 1973; Crozket, 1981a;
Barnes et al., 1985).

Table 3. Physical Characteristics of the PGE.

Element z Charge L.R.! M.P2 B.P.}
(A) C) C)

Ru 44 +2 0.74 2310 3900
Ruthenium +3 0.68

+4 0.62
Rh 45 +2 0.72 1966 3727
Rhodium +3 0.66

+4 0.60
Pd 46 +2 0.86 1552 3140
Palladium +3 0.76

+4 0.615
Os 76 +2 0.74 3045 5027
Osmium +4 0.68
Ir 77 +2 0.74 3045 5027
Iridium +3 0.62
Pt 78 +2 0.80 1722 3822
Platinum +4 0.625
Au 79 +1 1.37 1064 3080
Gold +3 0.85 i
LR = ionic radjus; M.P. = melting point; B.P. = boiling point.
! Shannon (1976)
1 Weast (1989)
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Mobility of PGE

The early work emphasized the resistance of PGE to chemical attack and
remobilization, particularly at the K-T boundary, where much of the modelling is based
on the assumption that the PGE abundance is primary (e.g., Kyte et al., 1985; Strong et
al., 1987). It is now clear that the PGE can be remobilized in most geological
environments, when rocks are altered and during sediment diagenesis (Cousins, 1973;
Feather, 1976; Westland, 1981; Bames et al., 1985; Bowles, 1986; Mountain and Wood,
1988: Wallace et al., 1990). Of specific pertinence to the present work is the observation
that PPGE can be mobilized in acidic low temperature aqueous solutions and redeposited
in carbonaceous-rich sediments during weathering and diagenesis (Bowles, 1986; Izett,
1990).

The susceptibility of PGE (metal) to solubility in aqua regia increases in the order:
Pd>Pt>Rh>Ru> Os=Ir (Cousins, 1973). This is considered to represent the general
order of PGE mobility during weathering (Westiand, 1981). Since aqua regia attack
mimics that of prolonged chemical attack in nature (Cousins and Vermaak, 1976}, Pt and
Pd should mobilize readily in nature in acidic chloride-solutions. This has been
substantiated thermodynamically (Mountain and Wood, 1988) and the order of reactivity
listed above has been given some support from the study of neutral surface waters in
placer deposits (Cousins and Vermaak, 1976), Platinum and palladium are also known to
form amine and purine organic complexes and can, therefore, possibly complex with free
carboxylic acid and with soil organic matter (Westland, 1981; Bowles, 1986).

The IPGE alioys are less effected by weathering, burial and metamorphism than

the PPGE alloys (Feather, 1976) and, unlike Pt (Goldberg et al., 1988), Ir does not form
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strong complexes with chloride and bromide in the marine environment. This is not to
say that Ir, Ru and Os are not at all susceptible to remobilization and, in fact, low-
temperature mobilization of all PGE, including Ir, has been demonstrated in the
formation of laterites (Bowles, 1986) and around the Acraman impact structure (Wallace
et al., 1990). Acraman is the first documented case of a widespread gjecta blanket
(ejecta found up to 450 km from the crater lake; Gostin et al., 1989) with anomalously
high cosmogenic siderophile contents, shown to be derived from a known impact
structure (Gostin et al., 1986). Low-temperature mobilization of PGE into shale horizons
up to 100 cm above and below the Acraman ejecta layer has been documented, however,
relative degrees of mobility could not be estimated due to the possibility of terrestrially-
derived PGE contamination (Wallace et al., 1990). Micro-organisms can also play a role
in PGE redistribution and/or dispersal or may enhance Ir anomalies such as those at the
K-T boundary (Dyer et al., 1989). This work will show that Ru and Ir are mobilized and
fixed in organic matter, although to a lesser degree than the other PGE. Gold is at least
five orders of magnitude more soluble than Pt as a chloride and is frequently mobile
under various geological conditions (Seward, 1984; Webster and Mann, 1984; Barncs et
al., 1985).

Ini this study, it was important to assess the degree to which PGE were associated
with organic matter, in order to select the elements most valuable for identification of the
mineralogical carrier phase(s). The results from the present work are preseated in Table
4 and Figure 15. The percentage of organically-associated PGE varies between sites and
elements. In general, marine and terrestrial trends (from Table 4 and Figure 19) are as

follows: Rh > Au > Pd > Pt > Ru > Irand Au > Pd > Pt = Rh > Ru > Ir,



Figure 15. Percentage of total PGE abundance associated with the organic fraction in the K-T impact layer. For all elements except Au, marine sites

show a higher degree of PGE-organic association. Mean values noted as *+".
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respectively, The organic association of Ir has been suggested in the Stevns Klint and

Caravaca boundary clay (Schmitz et al,, 1988) where 50% of the bulk sample Ir was
found to be associated with organic compounds. The discrepancy between that value and
the 3% organic association determined here for Stevns Klint may be related to analytical
technique (see Chapter 2). It seems likely, however, that the association of PGE with
organic matter varies throughout the bouhdary layer. Much variation is noted within the
boundary layer at Petriccio and Starkville South (Table 4). The data indicate that an
organic carrier phase is present at all sites. Ruthenium and Ir, in both environments,
show the least partitioning into the organic carrier and they are, therefore, more useful
for identification of the PGE mineral carrier phase and of the impactor than previously
quoted Au/Ir or Pt/Ir ratios (Alvarez et al., 1982; Kastner et al., 1984; Tredoux et al.,
1989). The high degree of Pt-organic association in marine sites may explain the
previously observed heterogeneous nature of Pt distribution (Tredoux et al., 1989) in the
Stevns Klint fish clay.

Except for Au, the terrestrial sites show, on average, a lesser degree of
association of PGE with the organic phase than their marine counterparts (Figure 15), but
much variation exists even within one site (Table 4). The degree of organic association
is taken as an indicator of potential mobility. It is proposed here that the original host of
PGE was a mineral or amorphous phase and that its subsequent alteration led to partial
remobilization of the PGE into organic complexes, the degree of mobilization varying
with the element. Uniess otherwise specified, the term “mobility”, therefore, refers to
fixing of PGE in organic phases. Once released from the original carrier, it is possible

that some PGE. were lost from the boundary layer. The degree of loss is site and element



dependent. Since Ru and Ir are the least organically associated and are the most resistant
to chemical attack in nature (Cousins, 1976; Barnes, 1985), most of the following
discussion will focus on these elements and their ratio.

Table 4. Percent of total PGE associated with the organic fraction in the K-T
impact layer.

Pt Pd Ru Ir Rh Au

Marine sites
Petriccio P1 3 23 22 5 15 24
Petriccio P2 58 54 22 15 3z 50
Petriccio P3 30 69 14 7 17 41
Knappengraben K1 50 17 12 16 61 38
Knappengraben K2 49 37 29 36 60 38
Elendgraben 49 22 28 13 51 45
Woodside Creek 29 12 19 9 77 14
_E-evns Klint 11 73 19 3 16 73

Terrestrial Sites

Berwind Canyon

2-5um 10 27 7 2 9 73
Starkville South

<2pm 20 37 20 8 16 77
50um 12 55 8 8 - 74
Clear Creek North

<2um 11 26 6 2 - 17
5-20um 10 25 6 2 - 11
S0um 13 13 - 4 - 16

- denotes values below the limit of detection. Sample ID for Knappengraben and 1'etriccio are given in Table 9.

Small sample size precluded analysis of organic phases on each size-
fraction for marine sites and the organically-bound PGE proportions in bulk clay are
given in Table 4. Larger sample size at terrestrial sites has enabled the determination of
organically-associated PGE for coarse and fine fractions. No consistent trend of PGE

partitioning has been observed for these two fractions.
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PGE Background Levels

Table § summarizes PGE abundances and their interelement ratios for Cretaceous
limestones collected in Spain, PGE values are low and interelement ratios are erratic.
Possible reasons for the eratic ratios include: 1) near-detection limit determinations and 2)
addition of non-cosmic flux and heterogeneously distributed PGE-rich components. No
ready explanation is available for the higher PGE abundances in Limestone-3, except that
it was taken at a different location than 1 and 2. All values, however, are within the

range of normal sediments (Table 6).

Table 5. PGE content {in ppb) and interelement ratios of Cretaceous limestone
samples, remcte from the K-T boundary.

Location Pt Pd Ru Ir Au Rh
———e e

Lmst-1

clay 7.4 1.5 0.02 0.01 0.57 0.04
2-5um 1 2.1 0.07 0.05
5-20pum 13 1.3 0.02 0.02 0.55 0.03
20-50um
sand 0.72 4.7 0.05 0.03 - 0.03
Lmst-2

clay 1.4 2.0 0.06 0.03 2.3 0.03
2-5um 0.82 1.2 0.03 0.01 0.87 0.03
5-20pum 0.89 1.2 0.02 0.02 0.46 0.02
20-SNum - .- -.- .- 0.08 0.03
sand 0.28 0.61 0.03 0.008 0.13 -
Lmst-3

clay 2.8 3.4 0.21
2-5pum 1.8 2.7 .- 0.15 3.6 0.52
5-20pm 1.0 1.9 -- 0.12 9.3 0.39
20-50um .- -- 0.06 0.06 - 0.11
sand 12 1.9 0.13 0.16 11 0.10




Table 5 con't

Location | Pt/Ir Pd/Ir Auflr Rh/ly Ru/1r
Lmst-1
clay 740 150 57 4.0 2.0
2-5um 220 42 -.- - 1.4
5-20pm 650 65 28 1.5 1.0
20-50pm -- - - - -.-
sand 24 157 - 1.0 1.7
Lmst-2
clay 4 67 77 1.0 2.0
2-5pum 82 120 87 1.0 3.0
§-20um 45 60 23 1.0 1.0
20-50um
sand 35 76 16 -- 3.8
Lmst-3
clay - - - -.-
2-5um 12 18 24 3.5
5-20pm 8.3 16 78 3.3 .-
20-50pm -- - .- 1.8 1.0
sand 7.5 12 €9 0.6 1.8
-.~ denotes values below limit of detection.
All determinations are on a cartbonate-{ree basis.

—

fable 6. Background PGE abundance (in ppb} for sediments remote from extinction
boundaries (other studies).

Pt Pd l Ru Ir Rh Au
Imlj'I 0.09-0.1
Saskatchewan® 0.028
Colorado’ 0.022-0.03
Alberta* 0.06-0.11
France’ 1.1-3.9 | 0.99-6.5 | 0.091-0.8% | 0.12-<0.05 | <0.02 | 1.0-14.0
Arctic Islands* | 0.12-4.2 0.23-3.2 <0.05 <.05 <0.02
Blank spaces indicale no data for that element. All dais {rom sediments (sandstone, limestonc, shale) greater than 10
¢m above and 10 ¢cm below extinction horizons. Data from Italy, Saskatchewan, Colorado snd Albena are for
sediments above and below the K-T boundary. Range of data from France is for sediments above and below the
Frasniin-Famenisn boundary, Dats from the Arctic Islands is for sedimenis above and below the Grdovician-Silurian
boundary. Sources of data: 1. Montanari et al. (1983); 2. Nichols et al, (1946); 3. Izeit (1990); 4. Lerbekimo and S1.
Louis (1986); 5., 6. Unpublished data from W.D. Goodfellow.




PGE Abundance Above and Below the K-T Boundary Clay

Layers above and below the boundary clay were studied to investigate the PGE
mobility and to assess their previously documented enrichments in the adjacent rocks
(e.g., Crocket et al., 1988; Rocchia et al., 1990). Figure 16 is a profile of Ir and Ru
concentraiion across the boundary layers at Berwind Canyon, Colorado. Although the
peak PGE abundance is found in the impact layer, significant butk concentrations (e.g.,
abundance in all size-fractions added) are also seen in the layers above (coal seam) and
below (boundary claystone). The concentration of PGE in the terrestrial impact layer is
usually higher than that in the coal layer above or kaolinitic boundary claystone below
(see Table 13a-c, Figure 17). The Ru/Ir ratio ifr the terrestrial impact layer is 0.92 +
0.28!, whereas it is more variable and slightly higher in the coal layer (1.4 + 1.1;
different to iinpact layer at 60-80% confidence level; Student’s t-test) and boundary
claystone (1.6 + 0.76; different to the impact layer at the 80-90% confidence level)
(Figure 17). In the Acraman ejecta horizon, the Ru/Ir ratio has a mean value of 1.3 £
0.57 (three localities), whereas the green and red shales within 100 cm above and 100 cm
below the ejecta have higher and more variable ratios (mean = 4.2 + 4.5; Wallace et
al., 1990). The incorporation of PGE into adjacent layers at the K-T boundary could
originate from: 1) organic or inorganic remobilization of elements out of the impact
layer, 2) physical redistribution by burrowing organisms or roots,or 3) primary input into
the claystone and coal layer as they were deposited. Comparison to the background data
presented in Table 5 indicates the bulk PGE abundances in the coal and claystone are too

high to be derived solely from cosmic dust. Primary input from another extrate:restrial

! X + Y denotes a mean (X) and an associated lo standard deviation (Y).
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Figure 16. Iridium and ruthenium abundance profile across the boundary layers at Berwind Canyon,
Colorado. All data are bulk abundances, taken from Tables 13a-c.
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Figure 17, Iridium versus Ru/Ir ratio for terrestrial K-T boundary layers (boundary
claystone, impact layer, boundary coal seam). Lower Ir content, more variable and higher
Ru/Ir ratios are characteristic of the boundary claystone and coal layers. Where the impact
layer was subdivided for analysis, total abundances for that layer are plotted for each site.
Where more than one section was sampled at a given location, mean values are plotted for

that site.



25 / QO impact layer
O O boundary claystane
OO ¥ boundary coal layer
20 | O
O
=y O
0
Q 15 -
Q.
p —
£ 5
E 10
o
=
5 - v
v g o
\/
v v
0 G ™ o ovo
1 1 !
0 1 2 3 4



56

or terrestrial source is not supported by other evidence (lzett, 1990), nor is physical

redistribution of the elements by burrowing organisms (lzett, 1990). The first scenario

seem most likely. Indications of remobilization can be deduced from the Ru/Ir ratio.

The slightly higher degree of Ru mobility in the terrestrial environment would lead to a

higher Rw/Ir ratio in layers where PGE were derived by remobilization. It is interesting

to note that integration over the entire sequence (coal, impact layer, boundary claystone)

yields a Ru/Ir value close to that of the impact layer alone (Table 7). This implies that

despite some migration of Ru and Ir out of the impact layer, the chemical coherence of

these elements has left the integrated ratio intact over a 4 ¢m interval. The enrichment of

PGE in coal sequences has been previously documented in non-K-T deposits (Kucha,

1982; Van der Flier-Keller and Fyfe, 1987) and such carbonaceous layers are an effective

trap for noble metals (Bowles, 1986).

Table 7. Integrated ruthenium/iridium ratios in samples from terrestrial K-T

boundary sections.

] Berwind Canyon Starkville South Clearcreek North
Ru/Ir integrated 0.89 0.97 0.71
Ru/lr of impact layer 0.90 0.98 0.60
Difference (%) 1 | 18

Integrated value calculzied as follows: [ERUmei iy + ERUppme + ERUG / {ED s ape Bl e + Bl

In marine sections, samples of limestone were taken from up to 2 m above and 2

m below the K-T clay at Petriccio and Elendgraben (Table 8). Figure 18 is an Ir and Ru

profile over this interval. Although the peak concentration of PGE is in the impact layer,

the peak is not sharply defined and some PGE are in adjacent sediments. The mcan

Ru/Ir ratio (0.83 + 0.:'; in the adjacent sediments is lower than that of the marine




Figure 18. Iridium and ruthenium abundance profile across an interval 2 meters above and 2 meters below
the impact layer at Petriccio, Italy. Al data are bulk abundances, taken from Tables 8 and 9 with
integrated values from the Gubbio, Italy site (data for Gubbio taken from Rocchia et ul,, 1990).
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impact layer (1.77 + 0.53) (different at the 90-95% confidence level). The concentration

of Ru and Ir is higher in these Petriccio and Elendgraben samples than in the background
limestones (Table 5) and other sediments (Table 6). Samples in Table 8 included
sediment 0 to 2 m on either side of the impact layer, and may, therefore include
cosmogenic PGE, remobilized out of the impact layer. This may account for abundances
above background sediment levels (e.g., Table 5, Table 6). Integration comparable to
terrestrial sections was not possible because the samples across the 4 meter interval were
not taken on a fine scale.

Table 8. PGE content (in ppb) and interelement ratios of the Tertiary and
Cretaceous !imestones at Petriccio and Elendgraben.

| Location l Pt Pd Ru Ir I Au Rh
-

Petriccio-1 2.3 1.8 0.11 0.18 - .- i‘
Petriccio-2 1.9 2.6 0.39 0.42 .- .-
Elendgraben-1 1.3 3.0 0.14 0.17 .-
Elendgraben-2 2.2 1.8 0.23 0.24 - .-

Location Pt/Ir Pd/Ir Au/lr Rh/Ir Ru/ir
Petriccio-1 12.8 10.0 .- .- 0.61

Petriccio-2 4.5 6.2 -

-, 0.93
Elendgraben-1 7.6 17.6 - 0.82
Elendgraben-2 9.2 1.5 - - 0.96

-~ denotes ‘alues below limit of detection,

Petriccio-1 and -2 arc limestone samples from a section 0-2 meters above and 2-10 em below the boundary clay, respectively.
Elendgraben-1 and -2 are marl and limestane from a section 2-8 cm above and 0-2 metery below the boundary clay, respectively.
All determinations are on a carbonate-free basis.

Iridivm background levels for limestones and shales, up to 5 m above and 5 m below
the boundary clay in the Gubbio section are 0.103 + 0.028 and 0.133 + 0.015 ppb,
respectively, that is, 1.5 to 2 % of the peak Ir anomaly at the K-T boundary (values on a

carbonate-free basis; Rocchia et al., 1990). Since Petriccio and Gubbio are



geographically close and part of the same Scaglia Rossa Formation, they should also
contain comparable Ir values. Comparison of the data of Rocchia et al. (1990) with the
present data (Table 8) shows the values are similar. The Ir spikes in shale 5 m from the
impact layer at Gubbio is attributed to post-depositional enhancement caused by
dissolution of carbonates (Rocchia et al., 1990). At Caravaca and Agost, Spain, Ir-
enrichments have been found at the base of the carbonate-poor layer, immediately
overlying the impact layer (Figure 3a, Figure 10). Since no concurrent enrichment of
Co, Ni, As, Sb or Cr were noted, the Ir is thonght to have been brought in with
hemipelagic detritus, eroded from other K-T ejecta-covered, Ir-rich areas (Smit et al.,
1988). This sediment recycling, together with chemical remobilization documented in
this work, may explain PGE anomalies on both sides of the boundary clay, thus obviating

the need for long-term volcanic events or for multiple impacts as a cause.
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CHAPTER FIVE
PLATINUM-GROUP ELEMENTS AT THE CRETACEOUS-TERTIARY
BOUNDARY

Marine Sites

The location of the marine K-T sites is given on Figure 2a,b. Platinum-group
element determinations for each size-fraction of the impact layer are given in Table 9 and
results from other studies are in Table 10. The impact boundary clay mineralogy for
each site is given in Table 11. Plots relating the size-fraction, PGE content and smectite
content are given in Figure 19a,b.
Petriccio

The thick Petriccio boundary clay (2.6 cm) was subdivided into three layers for
analysis. A bulk clay sample (donated by A. Montanari) was also analysed for
comparison. The highest PGE concentrations are in the middle of the boundary clay
("red layer"; P3, Table 9), which has been shown to correlate with peak spherule
abundances (Montanari et al., 1983). Bulk Ir content in P2 and P3 is a factor of 2 lower
than that previously determined (Table 10) and previous analyses werc not performed on
a carbonate-free basis. Incomplete carbonate dissolution during sample preparation in
this work may have depressed the abundance of PGE at this site. The lack of data for
the sand fraction of P2 has resulted in a lower bulk value here (Table 9). No explanation
is readily available to explain the discrepancy for P3 which may be related to incomplete
carbonate dissolution or to inhomogeneous distribution of Ir throughout the boundary
clay. The total value for PGE in the subdivided Petriccio sample (P1+P2+P3) is a
factor of 4 higher than the bulk values for the donated Petriccio sample, except for Ru
and Ir whic = . only slightly higher. This may also indicate heterogeneous distribution
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of PPGE throughout the boundary clay in different arcas sampled.

Figure 19a,b shows an enrichment of Ir and Ru in the finer fractions of the
boundary clay (clay, fine silt, medium silt) and smectite is present in these size-fractions.
Iridium and Ru show similar trends of enrichment with size-fraction. X-ray
diffractometry indicated the presence of smectite
(X0.5(Sig7AlLy 3)(Aly sFeg s *3 Mg 5)0y(OH), - nH,0), kaolinite (AL [Si,0,0](OH)y), mica and
quartz within the clay as indicated in Table 11. The enrichment of smectite in the red
layer of the Italian K-T boundary sites has been related to a slight climatic warming at

that time (Robert and Chamley, 1990).

Knappengraben_and Elendgraben

The boundary clay at Knappengraben was sampled at two locations
(Knappengraben-1 and Knappengraben-2), approximately 20 meters apart. Bulk PGE
abundances at the two locations compare within a factor of 2 for all elements (Table 9).
Iridium contents in the samples are identical, although, there is no data for the coarse siit
size-fraction of Knappengraben-2. This fraction is usually low in PGE and gave values
below the limits of detection for Knappengraben-1. The similarity of Ir contents between
the two locations implies lateral continuity of Ir distribution throughout the section of
boundary clay sampled. PGE abundances are higher in the Elendgraben section (= 110
km away) (Table 9). Comparison to previous analyses (Table 10) shows Ir is
approximately a factor of 2 lower in this work, possibly due to incompiete carbonate
dissolution during sample preparation. As at Petriccio, the Austrian sites have Ir and Ru

enrichments in the fine size-fractions where clay minerals dominate (Figure 19~,b, Table
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Figure 19a,b. Plots of PGE content in size-fractions separated from the impact layer sampled at marine K-T siles; Ir (s) and Ru (b). Note the very
general trend of decreasing PGE content in coarse silt and sand fractions, particularily at Petriccio, Elendgraben and Knappengraben. Stars represent
corresponding smectite content (Table 11) for each size-fraction.
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11). The mineralogy of the boundary layer is similar at each site (Table t1) but Ca-
smectite (Preisinger et al., 1986) and kaolinite persist into the coarse tractions to a higher
degree at Elendgraben. Figure 20a,b shows the SEM image tor an AI-Si-Myg-Fe-
spherule, identified in the 5-20 um size-fraction and a grain of ilmenite found in the 20-

50 um size-fraction.

Woodside Creek

This New Zealand site is one of the most PGE-enriched of all K-T sites studied
(Table 9). Previous analysis of the Woodside Creek boundary clay determined 70 ppb Ir
whereas the bulk Ir content from this study is 26 ppb. Heterogeneity of PGE distribution
between different sample locations at this site is indicated. Figure 19a,b shows the PGE
are concentrated in the clay and sand size-rractions of the boundary clay and that smeclite
is present throughout all size-fractions. Enrichment trends for Ru and Ir in each size-
fraction are very similar (Figure 19a,b). The mineralogy is simple (Table 11) with only
Ca-smectite, quartz and minor barite detected. Figure 21a,b shows SEM images ot a
clay aggregate with barite, separated from the 20-50 pm size-fraction and an overall

image of the sand size-fraction from Woodside Creek.

Stevns Klint

Stevns Klint is the most PGE-rich site studied (Table 9). The fish clay was
subdivided for analysis based on the lithology of Schmitz (1985)(Figure 9b). The highest
PGE content is in the black marl (SK 2) and red layer (SK 3) in all studies (c.f., Table 9

and Table 10). Detailed analysis of the subdivided fish clay by Tredoux et al. (1989) are
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Figure 20a,b. SEM image of an Al-Si-Mg-Fe spherule (a) from the 5-20 um size-
fraction of the Elendgraben impact layer and an ilmenite grain (b) from the 20-50 um
size-fraction (b) of the same layer.
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Figure 21a,b. SEM image of a Fe-Si-Al agglomerate with =5% barite from the 20-50 um
size-fraction of the impact layer at Woodside Creek (a) and an overall image of the sand
size-fraction (b) of the impact layer at Woodside Creek with barite.
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given in duplicate (Table 10). Not only is there poor agreement between the three studies
(this work, Schmitz, 1985 and Tredoux et al., 1989), but duplicates from the later work
can be variable (e.g., Ir abundance in SK3). Bulk fish clay Ir abundance in this work
(136 ppb) are higher than those determined by Schmitz (1985) (Table 10), however
Schmitz (1985) did not analyse the grey marl (SK 1). The overall discrepancy between
studies is not surprising since the boundary clay at Stevns Klint varies in thickness and.
composition depending on the locality sampled (J. Smit, pers. comm., 1988). The pyrite-
rich red layer pinches out laterally up the flanks of chalk mounds (Ekdale and Bromley,
1984) and anoxic conditions in the troughs may have altered the form and distribution of
FGE. Figure 19a,b shows similar enrichment trends of Ru and Ir in size-fractions and
that most of the PGE content i concentrated in the medium silt- and sand-sized portions
of the layer. The same pattern is shown for all sublayers of the fish clay (Table 9). Mg-
Smectite (Kastner et al., 1984; Elliot et al., 1989) is present in all size-fractions (Figure
19a,b) and the only other mineral detected was quartz (Table 11). The unusual smectitic
composition has previously been related to alteration of impact ejecta (Kastner et al.,

1984).

Agost

The Ir abundance determined in this work for the boundary clay at Agost (24 ppb)
compares well to that found previously (25 ppb; Smit et al., 1988). These values
compare well to other Spanish sections with high sedimentation rates such as Zumaya (26
ppb) and Caravaca (27 ppb) (Smit et al., 1988; Smit, 1990). The highest PGE contents

are in the fine silt and, to a lesser degree, the sand size-fractions (Figure 19a,b, Table 9).
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Ruthenium and Ir correlate well as seen by the size-fraction-PGE enrichment trends on

Figure 19a,b. Ca-Smectite dominates in the fine silt size-fraction and is a minor

component of the sand. Other minerals detected include kaolinite, mica and quartz.

Table 9. PGE content (in ppb) and Ru/Ir ratios of the K-T boundary impact layer
from Petriccio, Knappengraben, Elendgraben, Woodside Creek, Stevns Klint and

Agost.
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WEIGIITED ABUNDANCE

Sample Pt Pd Ru Ir Au | Rh Ruflr
Petriccio (P1-top 0.5cm)

clay 7.4 1.5 1.58 1.4 0.85 0.7 1.1
2-5um 10.6 2.1 0,92 0.64 . 0.26 4
5-20um 12.8 1.3 1.0 0.67 0.23 0.85 1.5
20-50pm -- -- 0.12 - -
sand 0.72 4.7 0.17 .11 .- 0.11 1.6
BULK 315 9.6 3.7 2.8 1.2 1.9

Petriccio (P2-bottom 0.5cm)

clay 4.0 7.6 0.99 0.74 0.67 0.20 14
2-Sum 2.8 ki) 0.60 0.30 0.24 2.0
5-20um 2.4 5.0 0.82 0.61 0.7% 0.33 1.4
20-S0pm “ . - 0.60 0.11 .
sand nd nd nd nd nd nd nd
BULK 92 16.3 2.4 1.7 1.1 0.88

Petriccio

(P3-red layer, middle 0.5cm)

ciay 2.9 5.7 1.7 1.4 0.35 0.38 1.2
2-5um 1.6 2.5 1.0 0.68 0.31 0.25 1.5
5-20um - 4.9 0.92 1.1 .- 0.73 0.41
20-50um 2.1 R 0.34 0.14 .- - 2.4
sand 0.97 1.6 Q.67 0.37 .. 0.38 1.8
BULK 1.8 14.7 4.6 3.9 0.66 1.7

TOTAL (P1+P2+P3) 485 40.6 10.7 82 4.0 4.5 1.3
Petriccio

clay 3.7 3.6 1.6 1.6 0.03 0.03 0.9%
2-5um 2.4 2.5 1.5 1.3 0.04 1
5-20um 3.0 24 1.7 1.5 0.07 0.06 1.1
20-50um 1.2 1.5 0.99 0.37 0.04 0.05 1.1
sand - 38 1.2 1.3 0.04 1.0
BULK 10.3 9.1 7.1 6.6 0.14 0.26 1.08




Table 9 con’'t
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WEIGHTED ABUNDANCE '

Sample Pt Pd Ru Ir Au Rh Ru/lr
Knappengraben {K1}

clay 1.6 4.0 1.4 1.0 - 0.19 1.3
2-5pm 1.2 2.0 0.86 0.51 0.37 0.30 1.7
5-20um 1.6 2.7 1.2 0.82 0.28 0.6 15
20-50um 0.43 -
sand 0.43 0.77 0.31 0,19 - - 1.6
BULK 53 95 18 25 0.75 1.1 1.5
Knappengraben (K2)

clay 5.7 8.0 2.5 0.95 - 0.73 2.6
2-5um 2.7 4.7 1.6 0.7 0.58 2.1
5-20pum 3.8 4.5 1.7 0.90 038 0.42 1.9
20-50pum ad nd nd nd nd nd nd
sand 0.15 0.54 - - - -- -
BULK 124 17.7 5.8 15 038 1.7

EBULK® 9.0 13.6 4.9 25 0.75 1.4 2.0
Elendgraben

clay 8.5 17 5.6 2.5 e 3.2 22
2-5um 5.9 8.1 4.2 1.9 . 2.8 2.2
5-20pum 9.4 12 7.5 3.2 .- 39 2.3
20-50um 1.0 .- 0.39 0.17 - 0.54 2.2
sand 2.6 1.7 1.0 0.66 035 0.4 1.5
BULK 27.4 38.8 18.7 8.4 0.35 10.4 12
Woodside Creek

clay 13.0 69.0 15.0 .9 0.52 1.7 1.5
2-5um 12.0 13.0 7.0 2.‘3 0.18 0.98 2.4
5-20um 13.0 20.0 11.0 3.7 0.16 13 2.9
20-50um 1.2 2.5 1.8 1.5 - 0.34 1.2
sandd 17.0 67.0 16.0 8.0 1.3 5.1 2.0
BULK 762 172 36.8 5.9 22 9.4 1.4
Stevns Klint (SK-1)"

clay 10.8 5.9 4.3 34 0.48 0.08 1.2
2-5pm 11.2 8.1 4.4 2.8 0.55 0.08 1.6
5-20pum 18.1 26.0 15.4 19.8 2.5 0.25 0.78
20-50um 6.8 5.6 4.3 2.4 0.41 0.07 1.8
sand 229 29.0 19.3 10.0 23 031 1.9
BULK 69.8 74.6 47.7 38.4 6.2 0.79




Table 8 con't
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WEIGHTED ABUNDANCE
Pd Ru Ir Au Rh Rwlr

Stevns Klint (SK-2)"
clay 14.4 3.9 7.9 4.9 1.4 0.12 1.6
2-5um 15.2 9.9 8.7 5.7 1.0 0.13 1.5
§-20um 273 29.0 16.8 16.6 26 0.36 1.0
20-50um 16,8 13.7 8.9 6.6 1.1 0.14 1.1
sand 49 - 16.6 1.2 0.02 0.4 0.78
BULK 123 61.5 | 58.9 55.0 6.1 12
Stevns Klint (SK-3)"
clay 14.4 6.8 8.4 33 1.1 0.13 2.5
2-5pm 2.0 53 5.3 3.0 1.1 0.11 1.7
5-20um 26.0 15.6 19.5 13.3 1.1 0.32 1.5
20-50pm 10.8 5.3 5.5 34 0.65 0.12 1.6
sand 373 42.0 30.7 19.6 3.2 0.63 1.6
BULK 110 75.0 9.4 429 7.2 1.3
TOTAL SK {1+2+3) 302 1 176 136 19.8 33 1.3
Agost
clay 6.1 2.6 4.3 2.5 - 0.03 1.7
2-5pm 21.4 22.2 20.2 11.8 50 .38 1.7
5-20um 7.0 4.3 6.4 2.8 1.2 0.2 2.3
20-50um 29 1.3 3.1 1.3 0.75 0.08 2.3
sand 9.3 5.5 10.§ 55 0.7 0.2 1.8
BULK 46.7 344 4.1 239 7.7 0.89 1.9
Marise mean Ru/Ir = 1,77 + 0.53; Bulk Ru/Ir = 1.6 + 0.34
Concentrations are normalized 1o e tatal weight of all size-frmctions for a given site.
.- = denotes values below timit of detection (3 times the standand deviation for 10 rengent blanks, treated &3 sanples).
od = nodata
BULK value is the total PGE abundance for all size-fractions at that site.
* TBULK per element for Kneppengraben is calculated a3 E[(x; + x)72] where x, and x, are the PGE conteat in each size-(raction at aite K1 wnet K2,
respectively.
®s5K-1 = Layer [V of Schmirz (1985); Grey marl, +3 to 44 cm above the top of Maastrichtian
»e5K.2 = Layer III of Schmitz (1985); Reduced blsck marl,+1 o +3 cm above the top of Masstrichtian
#eSK.3 = lower Layer II of Schmitz (1985); Spheroid- rich red clay, 0 o +1 cm above the top of Maastrichtian
Sample sizo limitstions precluded organic separations for cach size-fraction and cancentration, therefore, represents both inurganic und organic PGIL
The non-subdivided Petriccio sampls was pravided by A. Montapari,

Several general observations can be made for the marine K-1 sites studied. 1)
The PGE abundances determined in this work seldom replicate those determined

previously. This implies that PGE are not homogeneously distributed throughout the
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Table 10. PGE Abundaznce (in ppb) in the K-T boundary clay at various sites (other

studies).
Pt Pd Ru Ir Au Rh
Murine K-T Sites
Petriccio® P! 2.0
P2 35
P3 8.4
Elendgraben® 4.5
Woodside 70
Creek®
Stevns Klint SK1 56/26* 44/26° 57161° nd*,36* nd*,16/3°
S5K2 210/201° | 105/56° nd* 39+,82/47° 174,5714°
SK3 119° 47 56° 28°,34/14° <34,30°
Stevas Klint* bulk fish <80 51 3
clay
Agost’ 24.5
Terrestrial K-T Sites
Starkville coal 0.4 nd
South? impact layer 1.21 1.7
claystone 0.27 1.1
Clear Creek coal 9.5 nd
North® impact layer 14.6 7.3
claystone 0.22 2.0
Red Deer 11.9 3.36 0.51 0.58
Valley’
Morgan 3.0
Creek"
Lance Creek™ lignite <2.6 1.1 3.8
clay-shale <3.1 2.1 4.7
impact layer 47 21 7.5
claystone <19 1.6 4.4

Sources of data: 1. Montanari et al, (1983); 2. Preisinger ct al. (1986); 3. Brooks et al. {1986); 4. Schmitz (1985); 5. Tredoux et al.,
1989 (duplicates given); 6. Elliot et al. (1989); 7. Smit ¢t al. (1988); 8. lzen (1990); 9. Lerbekmo and St. Louis (1986); 10. Nichols et
al. (1986); 11. Bohar et al. (1987b). Note that nene of the terrestrial sites were analysed on a carbonate-[ree basis in these studies,
Methods of analysis for PGE: 1. NAA; 2. NAA; 3. Not given; 4.INAA, ICP-Optical Emission Spectrometry; 5, NiS preconcentration,

NAA; 6. RNAA; 7. Not given; 8. RNAA; 9. NAA: 10, RNAA; 11, NAA,




Table 11. Mineralogy of the marine K-T boundary clay (sites as in Table 9).
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Site Smectite Kaolinite Mica Quurtz Other
Petriccio

clay arx . - - carbonate
2-5um b - . bl throughowt
S-ZO#m L L] L] L -

20-50pm . . . o

smd ® - -— "RR

Kaappengraben

clay b . * . sarbonote
2-5zm = ] ] L1

5-20um (3T * . .

20—50p.m * * * (41

sand * L] 3 -

Elendgraben

clay e ] * .

2-5pm sk * . .

5-20pm LT . . -

20'50#“1 L 4] - * e

sand e L1 - xW

Woodside Creek minar
clay w* - - b burite
2-5um e - - bl throughout
5-20j1m L - - Ll

20-50um - - - ahn

sand ik - - LT 1]

Stevns Klint

clay L1 - - -

2.5um “en - - *

5-20pm P - - .

20-50pm b - - i

Sﬂnd L1 - - (1}

Agost

clay T = ' .

2’5“"1 Ei 14 L} ] » L]

s-zoum e L1 L L)

20-50um - - - b

ssnd = [ ] & [ L]

Eatimatiun of mineral abundance was made on the main line for cach trace and recalculated to 100%.
>50% = ***: [0-50% = **; <i0% = *, — = not detected.
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boundary layer. 2) The covariance of Ru and Ir is consistent (Figure 19a and 15b;

Figure 22a). The Pd-Ir correlation (Figure 22b) is not as perfect as that for Ru-Ir
(Figure 22a), perhaps due fixing of Pd by organic matter. 3) Smectite is present at all
sites and varies in composition from Mg- to Ca-smectite. 4) Smectite is present, in
varying amounts, in all size-fractions of each site,

Previous studies of marine sites did not yield conclusive identification of the
carrier phase(s). Possible hosts for PGE that have been proposed include ilmenite
(Preisinger et al., 1986), submicron-size smectitic clay particles (Kastner et al., 1984;
Elliot et al., 1989), Pt-micronuggets (Margolis and Doehne, 1988), magnesioierrite
(Bohor et al., 1986), magnetic sphercids (Smit and Kyte, 1984) and carbonaceous
material (Schmitz, 1985; Hansen et al., 1987). Rocchia et al. (1990) suggest that Ir is in
a dispersed state, not attached to a particular mineral phase. These studies were limited
to only a few sites and no consensus has been reached as to how the PGE came o be
incorporated into the suggested carrier(s). In this work, detailed correlation between
mineral abundances and PGE content is limited by the low purity of some physical
separates and by the semi-quantitative abundances estimated by XRD. For Petriccio,
Knappengraben and Elendgraben, a correlation exists between fine size-fractions and high
PGE abundances, indicating a fine-grained carrier phase (Table 9, Figure 19a,b). At
Stevns Klint, Agost and Woodside Creek the situation is more complex, as both coarse
and fine size-fractions contain the highest PGE contents. It is therefore possible that
either a single mineral carrier exists as small and larger grains, or two host minerals of
naturally different grain sizes or densities are the carriers.

Based on the mineralogy (Table 11), three mineral phases within the clay may be



Figure 22a,b. Iridium versus Ru () and Ir versus Pd (b) for marine sites (same
symbols apply to both). The excellent correlation of iridium and ruthenium (r =
0.94) is not seen for medium silt and sand samples from Stevns Klint where Ir
"excess" emphasizes the anomalous nature of this site. The lower correlation
coefficient for Ir versus Pd (r = 0.67) results from the more mobile nature of Pd.
Error bars for Ru (3%) fall within the bounds of the symbol outline. Error bars for
Ir (13%) are within the symbol bounds for abundances < 10 ppb and are marked by a
line for higher abundances. Error bars for Pd (10%) are within the symbol bounds
for abundances <35 ppb and are marked by a line for higher abundances.
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rich in PGE: mica, clay minerals or a PGE-rich alloy (not identified on XRD traces). No

correlation exists between mica abundance and PGE content at any site (c.f., Table 9 and
Table 11). Scanning electron microscopy on size-fractions with the highest PGE contents
revealed no discrete grains or alloys that could contain PGE. This does not necessarily
preclude the existence of this type of carrier. If all the Ir in the clay fraction (<2 pm)
from Woodside Creek were concentrated in one single particle, it would have the
dimensions of 13 um? (see Appendix I) and could easily go undetected, particularly with
the small size of SEM samples and the few number of samples analysed by SEM (2-3 per
site). Such a carrier has only been observed in one study (Pt-micronugget at Zumaya,
Spain; Margolis and Doehne, 1988) and could have resulted from contamination in that
case (Rocchia et al., 1990).

Smectite is the dominant phase in the boundary clay and the only one which shows
a good correlation with PGE concentrations in some samples (Figure 19a,b). Due to the
large surface area of the smectitic swelling clay (800-600m*/g; Grim, 1968) and its
relatively high cation exchange capacity (100meq/100g; van Ophlen and Fripat, 1979), it
is possible that an element the size of Ir (Table 3) could reside in available exchangeable
interlayer cation sites of smectite'. Kaolinite is a less feasible PGE carrier due to the
physical limitations on substitution in this mineral (Grim, 1968; van Ophlen and Fripat,
1979). At Knappengraben, the clay minerals are smectite and kaolinite (Tabie 11).
Kaolinite persists into coarser fractions, whereas PGE concentrations and smectite

decrezase markedly in the coarse silt and sand (Figure 19a,b). At Woodside Creek,

! The form of the PGE in the clay is unknown. They may exist in micro-alloys in/on the clay
minerals or in a dispersed metallic form (Rocchia et al., 1950).
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kaolinite was not detected yet this site has the highest abundance of PGE. Elliot et al.

(1989) also concluded that Ir, Ag, Au and Pt are concentrated in submicron grains in
fractions composed dominantly of smectite, and PGE-clay mineral associations have been
noted in sedimentary rocks other than those from the K-T boundary (Van der Flier-Keller
and Fyfe, 1987).

,If smectite is the primary mineral host to PGE, some explanation must be given
for the high PGE abundances in the coarser fractions at Woodside Creek, Stevns Klint
and Agost (Figure 19a,b). Not only are the PGE distributions anomalous, but relative
PGE concentrations are highest at these sites (Table 9). Aggregates of clay minerals
(200-500 zm) cemented by silicate and/or barite were identified by SEM in the sand-size-
fraction at Woodside Creek (Figure 21a,b). This New Zealand site is highly silicified
(Kyte, 1990; Brooks et al., 1986b), an anomalous feature among the K-T sites studied.
Winnowing and redeposition of the boundary material into shallow depressions in the
Maastrichtian limestone (Bohor, 1990b) may have obscured the original patterns of grain-
size-PGE concentration correlations (see Chapter 4). Smectite may still be the dominant
carrier, but present as both coarse, diagenetically-formed agglomerates and fine grains.
Neither the Stevns Klint nor Agost sites are silicified. At Stevns Klint, pronounced
biohermal development in the late Maastrichtian provided an uneven platform for
boundary clay deposition. Anoxic conditions in the troughs (Bohor, 1990b; Zhou et al.,
1991) may have altered the form and distribution of PGE. This may explain the "excess"
Ir present in the medium silt and sand fractions in samples from Stevns Klint (Figure
192). The very simple mineralogy (smectite + quartz) of the Stevns Klint site (Table 11)

indicates that either the moderate amount of smectite in the sand fraction is agglomerated,



77
or that an undetected alloy is the dominant PGE carrier. At Agost, a weak correlation

exists between smectite content and PGE concentration. In this case, perhaps a dense
PGE-rich alloy is also present.

The Ir in the boundary clay from Elendgraben, Austria was thought to be hosted
in ilmenite exsolved from magnetite (Preisinger et al., 1986). Ilmenite was discovered
here in the 20-50 pum size-fraction (Figure 20b). This fraction, however, contained the
lowest Ir abundances (<1 ppb) for this site.

Interelement PGE ratios, with Ir as the denominator are given in Table 12. Ir is
used as the reference since it is the least mobile. For the marine sites, all ratios are
higher than those of a C1 chondrite meteorite (Table 20). The Pd/Ir and PVIr ratios at
the K-T are higher than most chondrite types, whereas the Au/Ir ratio is within the range
of most types. The Ru/Ir ratio corresponds closely to most chondrite types. The high
degree of association of Rh and Pt with organic matter in the marine environment, and
hence the higher mobility, is reflected in the large standard deviation on the Pt/Ir and
RI/Ir ratios. The only ratio which is chondritic? within error, has a small range of
values and is comprised of the least organically-associated in marine sites is Ru/Ir. Of all
the PGE, therefore, only Ru and Ir and their ratio are useful for modelling or mineral
carrier phase identification. The site-dependant variation in Ru/Ir ratios is illustrated in
Figure 23. Iridium enrichment or Ru depletion in the medium silt and sand size-fractions
for Stevns Klint and Ru enrichment or Ir depletion in the medium silt size-fraction from

Woodside Creek are the major deviations from the mean Ru/Ir value (1.77 £ 0.53).

Hereafter "chondrite” refers to C1 chondrite unless otherwise indicated.



Figure 23. Iridium versus Ru/Ir ratio for the marine K-T impact fayer. Mean Ru/Ir
for all marine sites is 1.77 + 0.53. Deviation from correlation is limited to the
medium silt and sand fractions for Stevns Klint and Woodside Creek, the two most
PGE-enriched sites. Error bars for Ir (13%) are within the symbol bounds for
abundances < 10 ppb and are marked by a line for higher abundances. Where the
impact layer was subdivided for analysis, total abundance for that layer is plotted for
each site. Where more than one section was sampled at a given location, mean Ru
and Ir contents are plotted for that site.
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Table 12. Interelement PGE ratios for all marine and terrestrial K-T sites.

Pt/Ir Pd/Ir Au/lr Rh/Ir Ru/lr
Marine Siles
Mean (SD) 3.8 (4.6) 4.1(2.3) 0.37 (0.24) Q.53 (0.66) 1.77 (0.53)
Range 0.8-27 1.0-8.4 0.05-0.8 0.01-3.1 1.1-2.9
n 29 27 20 28 30
Terrestrial
Sites
Mean (SD) 8.7 (12} 2.7 (3.5) 3.34.1) 0.03 (0.04) 0.92 (0.28)
Range 1.2-36 0.6-15 0.002-13 0.007-0.18 0.53-1.6
n 29 29 27 21 29
C1 Chondrite | 2.06 1.16 0.29 0.30 1.48

Chondrite values from Anders and Grevesss (1989). Values for other chondrite types given in Table 20. Where the
boundary clay was subdivided for analysis (c.g., Petriccio, Stevas Kiint) or more than one site was sampled (e.g.,
Knappengraben), an average valuc for cach size-fraction was used to prevent skewing the ovesall mean.

Terrestrial Sites

The location of the terrestrial K-T sites studied is shown on Figure 2a,b.

Platinum-group element determinations for each size-fraction are given in Table 13a-c
and results from other studies are in Table 10. The impact layer, boundary claystone and
coal layer mineralogy for each site is given in Table 14. Plots re'ating the size-fraction,
PGE content and clay content are given in Figure 24a,b. In the Raton Basin, samples

span the boundary and include both the overlying coal layer and underlying kaolinitic

boundary claystone.

79



Berwind Canyon, Starkville South and Clear Creek North 80
At the Raton Basin sites, bulk PGE content at Berwind Canyon and Starkville
South are similar and much higher than those at Clear Creek North (Table 13a). The
reason for this is unclear as Starkville South and Clear Creek North are only 1.7 km
apart. Higher PGE abundances are found in the Clear Creek North boundary claystone
(Table 13b), except for Pd and Rh. All sitcs show significant PGE contents in the coal
seam overlying the impact layer (Table 13c). Iridium and Au abundances in the impact
layer at Starkville South are a factor of 50 and 12, respectively, higher than those
determined by Izett (1990), however, his analysis were not performed on a carbonate-free
basis. Figure 24a,b shows that the PGE are distributed in both coarse and fine size-
fractions of the impact layer for all Raton Basin sites. Ruthenium and Ir correlate well in
the impact layer (c.f., Figure 24a and 24b). Illite/smectite irregular interstratified mixcy
layer (1/8) clay (>50% illite; Izett, 1990) was detected in all size-fractions, and is more
abundant in finer fractions (Figure 22a,b, Table 14a). Other minerals present include
kaolinite, -jarosite (KFe;(SO,),(OH)jand quartz. Jarosite laminations are common in the
Clear Creek North impact layer and at Starkville South (Table 14a). Izett (1990)
describes the impact layer clay as having an open wavy framework, similar to smectite
and I/S clay. The mineralogy of the claystone (Table 14b) is dominantly kaolinite, with
less I/S mixed layer clay than in the impact layer, some quartz and minor goethite. Izett
(1990) noted that the polygonal framework of kaolinite, filled with micrometer-size
kaolinite spherules, was distinct from the texture of the overlying impact layer. The coal

layer (Table 14c) contains kaolinite, jarosite and quartz and amorphous inorganic

material.



Figure 24a,b. Plots showing the PGE content of size-fractions, separated from the impact layer sampled at the terrestrial
sites; Ir () and Ru (b). Correlation of PGE content with grain size is not as good as for the impact layer from marine
sites. Stars represent corresponding I/S mixed ! cr clay content of each size-fraction (Table 14a) and stars beside (s)

represent smectite content (Table 14a).
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Red Deer Vall

Red Deer Valley -1 and -2 are splits taken from one sample of the impact layer.
Taking into consideration the lack of data for the clay fraction of Red Deer Valley-1, the
bulk values from each split are comparable (Table 13a). A high Pt content is found in
the sand fraction of Red Deer Valley-1, although other PGE are also enriched in that
fraction (Table 13a). The Ir and Rh bulk abundance determined in this work compare
within 1 ppb and 0.38, respectively to those determined by Lerbekmo and St. Louis
(1986), however, their determinations were not done on a carbonate-free basis. This is
more evident when Pt and Au values are compared since those of this work are a factor
of 11 and 35 higher, respectively. Iridium and Ru are distributed throughout all size-
fractions of the impact layer with the highest content being in the sand size-fraction
(Figure 24a). Ruthenium and Ir show the same PGE content-size-fraction trends (c.f.,
Figure 24a and Figure 24b). The impact layer of the Red Deer Valley site (Table l4a) is
constituted of kaolinite, I/S clay, smectite, quartz and minor jarosite. I/S clay dominates
in fine size-fractions whereas smectite is most prevalent in coarse size-fractions of the

impact layer (Figure 24a,b, Table 14a).

Mor reg

The bulk Ir content of the impact layer at Morgan Creek determined in this work
(Table 13a) is a factor of 6 higher than that of the non-carbonate-free analysis of Nichols
et al. (1986)(Table 10). Platinum-group elements are concentrated in all size-fractions of
the impact layer, particularly in the sand fraction. Ruthenium and Ir show similar trends

of enrichment with grain size, The presence of amorphous material made interpretation
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Table 13a. PGE contents (in ppb) and Ru/Ir ratios in terrestrial K-T boundary impact
layer from Berwind Canyon, Starkville South, Clear Creek North, Red Deer Valley,
Morgan Creek and Lance Creek.

WEIGHTED ABUNDANCE

Sumple Pt Pd Ru Ir Au Rh Ru/ir
I

Berwind Canyon
clay 41.3 51.4 15.2 18.1 1 0.09 0.22 0.84
2-5um 32l 37.8 21.4 19.9 3.5 0.09 1.1
5-20um nd nd nd nd nd nd nd
20-50um 5.7 34 3.0 2.9 9.2 0.03 1.1
sand 25.9 1.5 11.3 16.0 . 0.12 0.7
BULK 105 114 50.9 56.9 12,8 0.46 0.89
Starkville South-1
clay 12.9 9.2 7.4 9.3 - 0.34 - 0.8
2-5.m 14.9 11.0 9.5 8.5 9.8 0.11 1.1
5-20um 213 33.% 10.9 8.7 0.01 0.13 1.3
20-50um 4.0 2.4 2.1 2.0 6.4 0.02 1.0
sand 15.1 7.4 6.9 12.2 0.32 - 0.57
Starkville South-2
clay 3.9 53 16 39 0.09 - 0.2
2-5pm i1 5.4 4.9 2.6 3.5 0.03 1.9
5-20pm 13.1 24.5 5.7 4.6 0.03 0.06 1.2
20-50um nd nd nd nd nd nd nd
sand 5.3 1.4 2.0 2.2 0.35 - 0.91
BULK 110 106 53.0 545 20.8 035 0.97
Cleer Creek North
clay 4.8 2.8 1.5 2.0 0.02 - 0.75
2-5um 11.4 10.3 2.5 4.4 0.01 0.04 0.57
5-20um 4.4 34 22 4.1 0.02 - 0.54
20-50um i1 1.1 0.49 0.49 0.74 - 1.0
sand 43 1.9 1.7 a2 0.21 . 0.53
BULK 26,4 198 84 142 1.0 0.04 0.59
Red Deer Valley-1
clay nd nd nd nd nd nd nd
2-5um 14.8 0.68 0.42 0.57 0.14 0.01 0.75
5-20pm 15.6 0.67 0.70 0.55 0.85 0.01 1.3
20-50um 0.82 0.67 0.08 0.14 0.28 - 0.57
sand 183 3.2 1.3 4.1 134 0.32 032
BULK 4 52 2.5 54 14,6 0.34 0.46
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WEIGHTED ABUNDANCE

Ru/ir

Sample _m Ru Ir Au Rh

Red Deer Valley-2

clay 33 13 0.47 0.81 9.5 . 0.58
2-5um 9.7 0.55 0.2 0.22 0.1t 0.04 o
5-20um 16.0 0.74 0.45 0.53 1.0 0.01 0.85
20-50pm 6.0 0.12 0.12 0.1 0.17 -- 1.2

sand 1.8 0.86 0.54 0.48 1.0 0.02 1.1

BULK 43.0 3.6 6.9 2.1 11.8 0.04

IBULK® 130 5.1 2.4 4.2 18.0 0.20 .57
Morgan Creek

clay 1.0 0.59 0.28 0.16 0.43 - 1.6

2-5um 34 1.2 0.58 0.59 5.4 .- 0.98
5-20pum 2.6 0.78 0.47 0.47 4.6 0.01 1.0

20-50um 2.2 1.6 0.43 0.51 1.9 - 0.84
sand 21.0 10.9 6.1 16.3 17.9 0.12 0.27
BULK o2 15.1 7.8 18.0 30.6 0.13 0.43
Lance Creek

clay 2.0 19 0.3 0.25 - - 1.2

2-Spm 1.3 1.8 0.2 0.19 23 1.1

5-20pum 4.5 2.3 0.59 0.41 2.4 1.4

20-50um 2.6 0.69 0.57 0.54 0.86 0.02 1.1

sand 11.4 1.8 1.0 0.97 3.4 017 1.0

BULK 28.8 12,0 2.7 24 9.0 0.19 1.1

od = no data

and Red Deer Valley-2, reapectively.

making up the remainder of the impuct clay.

BULK valuc is the total PGE sbundance for all size fractions st that site.
*CBULK for Red Deer Valley calculsted as; Ef(x, + %,)/2} where x, and x, arc the PGE content in each ize fmction st site Rl Deer Valley- |

Terrestrinl Mean Rw/lr = 0.92 + 0.28; Bulk wean Ruw/lr = 0.86 + 0.28

Conceatration normalized to total weight of all size fractions for a given site.
.= = valucs below Limit of detection {3 times the standard deviation for 10 raagent blanks, Ureated us samples),

Sampla size Limitstions preiude orgunic separation on cach size fraction and therefore concentration represents both inarganic and organic PGE.
All determination are oo a carbonate free basis,

Red Deer Valley-1 ard Red Deer Valley-2 are split from ane boundary clay sample (41C) taken 0 to 1 em below the buse of the Nevie Coal seam,
donated by 1. Lerbekano (Lerbekmo and St Louis, 1986).

Starkville South-2 is the red Iayer lying directly on top of the boundary claystone. Starkville South-1 ia the yellow layer averlying the sed layer,
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Table 13b. PGE contents (in ppb) and Ru/Ir ratios in terrestrial K-T boundary claystone

from Berwind Canyon, Starkville South and Clear Creek North.

WEIGHTED ABUNDANCE

od = no data

BULX value is the total PGE abundance for sll size-fractiona st that site

Concentmtion normalized to total weight of al! size fractions for u given site.
+.» ® values below limit of detection (3 timea the standard devistion for 10 reagent blanka, treated as samples) for that sample size,

Berwind Canyoa-1is the top of the boundary claystone, 0 to -0.5 cm below the impact layer, Berwind Canyon-2 is the boundary claystone -0.5 10 -*.2
cm below the impact layer, Berwinsd Canyon-1 may include some impnct layer materiel, elevating the PGE concentrations. For this reason, oaly Berwind
Canyon-2 is included in the bulk calculstion. The bulk value is therefore s minimum jor this site.

Clear Creek North-1 is the top of the boundary claystone from 0 1o -2 cm below the ‘mpact layer. Cloar Creck North-2 is the buse of the boundary
claystone from -2 to -2.5 cm below the impuct layer,

Sample Pt rd Ru Ir Au Rb Rw/Ir
Berwind Canyoun-1 ]
clay 2.2 6.3 1.0 1.0 0.05 0.97
2-Sum 35 38 24 1.9 2.0 0.03 1.3
5-20um 32 32 20 I 0.05 . 1.5
20-50pm 1.2 1.1 0.59 0.37 0.64 .- 1.6
und 7.1 2.1 1.0 t2 0.02 0.02 0.83
Nerwind Cunyon-2

clay nd nd nd nd nd nd ad
2-5um 1.7 C.85 0.25 0.13 -- 0.01 1.9
5-20pm 1.7 13 0.38 0.27 0.01 1.4
20-50pum 2.7 0.57 0.32 0.09 0.17 .- 3.7
sand nd nd nd nd nd nd

BULK 6.1 4.7 0.95 0.83 0.17 0.02 1.1
Starkville South

clay 1.8 - 0.69 0.79 0.03 - 0.87
2-5um 0.50 0,26 0.29 c.n 0.17 - 3.2
5-20um [.2 1.5 0.45 0.2 - e 2.2
20-50um 0.69 0.13 0.09 0.08 .19 . 1.1
sand 1.4 0.81 0.15 015 .- 0.01 1.0
BULK 5.6 2.7 1.7 1.3 039 0.01 1.3
Clear Creek North-1

clay 1.4 -- 0.36 0.36 0.13 - 1.0
2-Spm - .- - .- . .- .-
5-20um 0.47 -- 0.18 0.36 .- 0.50
20-50um 0.48 0.24 0.21 0.07 .- - 2.9
sand 25 1.0 0.16 0.09 - .- 1.7
Clear Creck North-2

clay 0.52 -.- 0.50 0.30 0.1 .- 1.6
2.5um 1.9 0.54 0.21 0.17 . -- 1.2
5-20um 1.4 1.9 0.25 0.15 - .- 1.7
20-50pm 0.28 24 0.14 0.09 0.46 .- 1.6
sand 0,24 .- 0.21 0.50 - .- 042
BULK 92 39 22 | 2.1 0.7 Ll




Table 13¢. PGE contents (in ppb) and Ru/Ir ratios in terrestrial K-T boundary coal seam

at Berwind Canyon, Starkville South and Clear Creek North.
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WEIGHTED ABUNDANCE

Sample Pt Pd Ru Ir Au Rh Ru/lr
Berwind Canyon _—‘
clay 4.4 - 1.7 5.5 0.17 - 0.30
2-5um 1.4 1.0 0.85 0.63 0.56 .- 1.4
5-20um 5.5 18.7 1.7 0.93 0.02 0.02 1.8
20-50pm - - -.- - -
sand 4.4 1.5 0. 1.3 . - 0.57
BULK 15.7 72 5.0 8.4 0.75 itz .59
Starkville South
clay 11,5 6.9 2.9 2.9 0.09 0.04 1o
2-5um 4.7 23 6.3 1.6 1.3 0.16 4.0
5-20um 5.6 ¢33 2.6 4.7 0.29 .. 0.54
20-50um 1.6 022 0.37 .31 1.4 - 1.2
sand 34 0.7 1.1 4.6 0.03 . 0.22
BULK 26.8 10.5 133 14.1 31 0.20 0.94
Clear Creek Nurth
clay 32 0.44 0.29 0.26 0.32 .- 1.1
2-5um 1.4 0.29 0.29 0.23 4.2 - 1.3
5-20pm 3.1 1.3 1.4 on 29 - 1.9

" 20-50um 0.94 0.50 0.26 0.08 0.20 - 3.0
sand 217 1.5 1.2 1.9 0.03 - 0.63
BULK 303 10,0 34 32 7.7 - 1.1
Coocentration normalized o weight of all size fractions for & given nile.
«.» = valyes below limit of detection (3 times the standand devintion for 10 reagent blanka, trested wa snmnples) lor thal sample nire.
BULK value is the otal PGE abundance for all size-fractiona at that site.




of the XRD trace difficult. Some I/S clay and smectite were detected, but the proportion
could not confidently be established (Table 14a). The remainder of the impact layer is

kaolinite and quartz.

Lance Creek

The bulk Ir and Pt content of the impact layer at Lance Creek determined in this
work is a factor of 9 and 2 lower than that determined by Bohor et al. (1987b), even
though their analysis was not done on a carbonate-free basis (c.f., Table 13a and Table
10). This implies some heterogeneity in the distribution of PGE within the impact layer.
There is a marked trend of increased PGE abundance with increasing size-fraction at
Lance Creek (Figure 24a) and no I/S clay or smectite is present (Table 14a). Ruthenium
and Ir show the same enrichment toward coarse fractions in this impact layer. The data
of Bohor et al. (1987b) suggest some remobilization of PGE into layers above and below

the boundary clay at Lance Creek (Table 10).

Table 14a. Mineralogy of terrestrial K-T impact layer (sites in Table 13).

88

Site Kaolinite Us | Smectite Jarosite Quartz Other

Berwind Canyon

clay = aE - ¥ - minor goethite in
2-5um ax (11 ] - = - sand

5_20‘““ L] = — = E1 )]

20-50pm = s - - x

sand E g ] X - .. 33

Starkville South

clay = b - rx - minor chlorite in
2-5um e xe - = - med. silt
5-20um ] x - 2z 3

zo_solum [ 1] (11 - “xn

sand =a 23 - 1 38




TABLE 14a CON'T

Site | Kaolinite s Smectite Jacosite Quartz Other

Clear Creek North

clay b = - b - minor chlorite in
2-5um ke e - ¥ - med, silt
5-20um s s - = .

20-50‘““ 11 za — » .

sand (3] a - e T

Red Deer Valley

clny = (11] - 2 -

2-5um = Lt - - -

5_,20““' ET] 1t (1] . .

20-50pm x - sax - "

sand = - Ty - 1]

Morgan Creek

clay * = - - . all traces contained
2-5pm bad - -- .- b amorphous moterinl
5-20um » o - - .

20_50“"‘ a3z -~ = - [ty

sand ) - - - "

Lance Creek goethite in silt
c]ay 1Y - - - . froctions

2-5um rrx - - - .

5-20pm bt - - - "

20-50pm Fan - - - b

sand = - - - 1an

Table 14b. Mineralogy of the terrestrial boundary claystone (Raton Basin sites).
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Site | Kaolinite

IS Smectite Jarosite Quartz Other
Berwind Canyon
clay aex s . - - minor gocthite in
2.5um = b = - - fine silt and sand
5-20um ik s - - .
20-50um *a » - - .
sand sy x - — E1]
Starkville South
clay sz ”» - x - minor gocthite in
2-5um [T ] - - . sand
5-20um nd nd nd nd nd
20-50um sz = - - »
md XEE




TABLE 14b cON'T

Site
.
Cleur Creek North
clay

2-5pum

5-20um

20-50um

sand

Kaolinite 1§ Smectite
aan s -

2N L] -

nd nd nd

ax ¥ -

as | -

Jarasite

Quartz

Other

minor chlorite in
med. silt

Table 14c. Mineralogy of the terrestrial K-T boundary coal seam (Raton Basin

sites).

Site

Berwind Canyon
clay

2-5um

5-20um

20-50pm

sand

Kaolinite

/s

Smectite

Jarosite

Quartz

Other

minor chlarite in
fine and med. silt.

Starkville South
clay

2-5um

5-20um
20-50pm

sand

minor goethite in
med. silt and sand.

Clear Creek North

trace impossible.

Poor oricntation of sample or abundant amorphous inorganic material made interpretation of

For the Red Deer Valley impact layer, XRD results from the two sites were combined to conserve space.
Lstimation of mineral sbundance was made on the main line for each trace and recalculated o 100%,

>50% m %% [(.50% = *%; <10% = ¥ - = potdetected; nd = no data
I/S = irregular interstratified illite/smectite mixed layer chy.

General observations on the terrestrial boundary clay layers are as follows. 1) the

clay mineralogy (kaolinite, I/S clay, smectite) and associated minerals suggest that there

were local variations in the conditions under which the K-T boundary layers were

deposited, and subsequently altered, throughout :he Western Interior of North America

and 2) the covariance of Ru and Ir is good in the terrestrial impact layer, demonstrating
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the geochemical coherence of these two elements (Figure 24a,b, Figure 23a). As at the

marine sites, the correlation of Ir with Pd is weak (Figure 25b). The correlation
between Ru and Ir is less good in the boundary claystone (Raton Basin only) (Figure 26)
due to differential mobility of the two elements.

The correlation of PGE concentration and mineralogy in each size-fraction for the
terrestrial sections (impact layer) is not as simple as for the marine sites. Of all the
minerals present in detectablc amounts in the impact layer, only the I/S clay or smectite
seemn likely hosts for PGE. An irregular interstratified mixed layer clay is as feasible a
structural host for PGE as is pure smectite, since the interlayer space in smectite layers is
still present. In the Berwind Canyon site, there is a general correlation of PGE
concentration and I/S mixed layer clay content, except in the sand size-fraction that has a
high PGE content but only a moderate I/S clay content (c.f., Table 13a and Tabie 14a).
The I/S clay-PGE relationship holds for the Starkville South site where the correlation is
moderately high (c.f., Tables 13a and 14a). At Clear Creek North, the abundance of
PGE is less than at the other Raton sites, and the correlation with I/S clay is generally
weak (c.f., Tables 13a and 14a).

At Red Deer Valley, both smectite and I/S clay are present and may be hosts 10
PGE. The highest PGE contents are found in the sand size-fraction of the Red Deer
Valley-1 site (Table 13a, Figure 24a,b), which contains abundant smectitic clay (c.f.,
Tables 13a and 14a). In the Morgan Creek boundary clay, PGE are concentrated in the
coarse size-fraction (Figure 24a,b), where smectite was detected, but the presence of
abundant unidentifiable amorphous material obscured the traces at this site (c.f., Tables

13a and 14a). Only kaolinite and quartz were detected at Lance Creek. At this site,



Figure 25a,b. Iridium versus Ru (a) and Ir versus Pd (b) for the terrestrial impact
layer. Correlation coefficients high (r = 0.92). The lower correlation coefficient for
Ir versus Pd (r = 0.77) results from the more mobile nature of Pd. Note that Ir is
enriched in the sand fraction for Morgan Creek. Error bars for Ru (3%) fall within
the bounds of the symbol outline. Error bars for Ir (13%) are within the symbol
bounds for abundances < 10 ppb and are marked by a line for higher abundances.
Error bars for Pd (10%) are within the symbol bounds tor abundances <35 ppb and
are marked by a line for higher abundances.
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Figure 26. Iridium versus Ru for the boundary claystone for all terrestrial sites (r = 0.84
with the point at 0.69,0.79; r = 0.61 without the extreme point). The correlation between
Ru and Ir is lower than in the impact layer (Figure 23a) due to differential element mobility.
Data for Berwind Canyon is sample Berwind Canyon-2.
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perhaps a small, undetectable amount of smectite or I/S clay is present or there is another

undetected carrier.

Terrestrial interelement PGE ratios are given in Table 12.  As with the marine
sites, the only ratio which can be considered useful statistically is the Ru/Ir (0.92 &
0.28), as the others have all been affected to varying degrees by the mobility of the
numerator element. All ratios except the Ru/Ir are higher than in any type of chondrite
(Table 20). The standard deviation exceeds the mean for all but the Ru/lIr ratio (Table
12). This again reflects the geochemical coherence of these elements and their low
mobility. The site-dependant variation in Ru/Ir ratios is illustrated in Figure 27. The
Ru/Ir ratio is, nevertheless, lower than all chondrite ratios (Table 21) and the average
Rw/Ir ratio for all marine K-T sites (1.77 + 0.53). The boundary claystone and coal
layers in the Raton Basin generally have higher Ru/Ir ratios (Table 13a,b,c and Figure
17) than the impact layer, a result of the higher propensity for Ru mobilization over Ir

and the greater degree of mixing with terrestrial sediments which typically have higher

ratios (Table 5).

Implications for Global Dispersal of PGE

The question remains as to how PGE came to be associated with the smectite or
1/S mixed layer clay. One possible explanation is that a precursor, condensed glass phase
was the original carrier for the PGE. In the Acraman impact ejecta, the highest Ir and
Cr abundances are in coarse-grained ejecta material, indicating that most of the Ir was
carried by ejecta glass or clasts of devitrified glass (Gostin et al., 1989). The PGE-

bearing ejecta from the K-T impact likely originated as glass (hereafter referred to as



Figure 27. Iridivm versus Ru/Ir ratio for the impact layer from all terrestrial sites.
Mean Ru/Iris 0.92 + 0.28. Error bars for Ir (13%) are within the bounds of the
symbol for abundances < 10 ppb and are marked by a line for higher abundances.
Where the boundary impact layer was subdivided for analysis, total abundance for the
layer is plotted for each site. Where more than one section was sampled at a given
location, means are plotted for that site.
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SCEG:; stratospheric condensed ejecta glass), condensed from high-energy ejecta melt and

vapour (O’Keefe and Ahrens, 1982; Smit, 1991). Particles larger than 0.5 um are
removed from the stratosphere and lower atmosphere in about 1 week, whereas smaller
particles can remain in the stratosphere for 3-6 months (Toon et al., 1982). After fallout,
the SCEG alter to smectite (Rampino, 1982; Kastner, 1984; Sigurdsson et al., 1991),
freeing the PGE to be adsorbed to the clays or remobilized in organic matter. The strong
refractory nature of Ir and Ru (Crocket, 1981b) renders them less mobile and they,
therefore, retain original signatures better than the other PGE. The stratigraphic
correlation of peak PGE concentration and highest spherule abundance (altered impact
droplets, Montanari et al., 1983} at Petriccio may lend support to SCEG being the
original ¥GE host. Millimeter-sized smectite-coated tektite-like glass spherules have
been identified in the thick K-T ejecta deposit at the Beloc site, Haiti (Smit, 1991;
Sigurdsson et al., 1991). Laser ablation inductively coupled mass spectrometry was
applied to individual smectite coatings and enclosed tektite glass in a search for PGE
enrichments (Izett et al., 1990). None were found, but the detection limits of the laser

ablation method of 5-10 ppb PGE (Izett et al., 1990) are too high for the present purpose.

Only a small portion of the smectite in the boundary ¢lay would be derived from
SCEG alteration. The extraterrestrial component of the K-T boundary clay is small and
most of the clay minerals in the layer are detrital products of local sedimentation
(Rampino and Reynolds, 1983; Izett, 1990). This accounts for the variation in boundary
clay smectite composition from site to site (e.g., Mg-smectite at Stevns Xlint and Ca-

smectite at Elendgraben). It has been calculated (O’Keefe and Ahrens, 1982) that glassy



particles would make up only 15% of the globally dispersed ¢jecta. The alteration of this
material would contribute, therefore, only a minor amount of smectitic material to the
boundary clay at any given location. Dominant clay mineral associations depend mainly
on latitudinal climatic zonation and, to a lesser degree, on continental erosion related to
tectonic uplift (Robert and Chamley, 1990). At the boundary, increased erosion and the
predominance of locally-derived detritus are responsible for the character of clay
associations. Widespread smectite occurrences in open marine sediments likely represent
erosion of proximally exposed volcanic terrain plus some authigenic formation
(sedimentary precipitation, hydrothermal alteration of volcanic material or
recrystallization of detrital smectite; Robert and Chamley, 1990). The clay assemblages
in marine sections mask the small contribution from the impact by responding with
extreme sensitivity to other long-term global instabilities, such as tectonic uplift or sea-
level fall (Robert and Chamley, 1990). The differences in dominant clay mineralogy
between marine and terrestrial sites (marine sites smectite-dominated and terrestrial
kaolinite-dominated) are, therefore, due to local effects and are not related directly to the
event.

Since only a small portion of the smectite in the boundary clay can be related to
SCEG alteration, it is this small portion that may host PGE. Imperfect correlation of
PGE content with smectite abundance at some sites may therefore reflect variation in the
PGE-bearing /non-PGE smectite ratio.

If the global carrier of the PGE was SCEG, which altered to smectite in the
marine environment, possible consequences for the terrestrial impact layer may be the

following: 1) the small amount of smectite originating from SCEG alteration was
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transformed to I/S clay, or 2) the amount of smectite from SCEG alteration was so small
that it is not detectable in some of the terrestrial sites, or 3) the microtektite altered
directly to I/S clay at some terrestrial sites and to smectite at others. The latter
suggestion seems unlikely since smectite is the natural alteration product of impact glass
documented in the literature (Kastner et al., 1984; Gostin et al., 1989). The second
interpretation is contradicted by the detailed XRD analysis. This leaves the first scenario
as the most likely one.

The process of smectite to illite transformation through intermediate steps of
mixed-tayer illite-smectite is well known as "illitization" (Fanning et al., 1989). It has
beer: reported to occur noticeably at temperatures >50°C, well within the possible range
of temperatures measured in sedimentary basins (Blatt et al., 1980) such as the Raton
Basin. The conditions suitable for illite formation include high pH and high K* activity
(Fanning et al., 1989). The proposed massive influx of decaying organic matter and soot
at the K-T boundary (Wolbach et al., 1986) may have generated conditions that are
conducive to the illitization of altered SCEG.

As at the marine sites, an imperfect correlation of clay abundance with PGE does
not necessarily negate a clay mineral being the PGE host since only a small amount of
the: 1/S clay in the layer would be related to the PGE. High PGE contents in sand size-
fractions of the Raton Basin sites may be a reflection of proximity to the impact site
(Izett, 1990; Hildebrand and Boynton, 1990) as will be discussed in Chapter 8. A
different and unknown carrier may still be required for Lance Creek, where no I/S clay

was detected (Table 14a), The effect of illitization on PGE ratios will be discussed in

Chapter 8.
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The mean PGE abundances for marine and ter-estnal sites are given in Table 15.

The large standard deviations reflect site-dependent variations in clemental deposition,
concentration and remobilization. Both Ru and Rh are depleted in the terrestnal

environment, as is Ir, although to a lesser degree.

Table 15. Comparison of mean PGE abundance (in ppb} in the marine and
terrestrial K-T impact layer.

Pt Pd Ru Ir Au Rh
Marine Sites 6.2 (4.4) 1.6 (3.7) 4.9 (3.6) 2.9 3.6) 0.63 (4.9) 0.35 (4.2)
Terrestrial 1.73.2) 3.4 (4.0) 1.5 (4.6) 1.7 (5.0) 0.89 (8.2) 0.05 (3.1}
Sites

All means and standard deviations (bracketed) are geometric rince all arithmetic distributions wese lognormal,
Means calculated on bulk PGE abundance for each sile, Where more thon one sile was sampled per location, overdll inean values
were used. For sites which were subdivided for analysis, tutal PGE abundance for the impact layer way vsed.

'Origin of the Boundary Claystone

There are two possible interpretations for the origin of the boundary claystone
layer: 1) it is an ejecta horizon that is comprised of early fallout from the impact event,
or 2) it is a terrestrially-derived clay bed, unrelated to impact. The supporting evidence
for the first interpretation includes: 1} a regular spatial association of the boundary
claystone and impact layer over large distances across North America and now in Haiti
(Hildebrand and Boynton, 1990), 2) the similarity between the porosity and major
element composition of the impact layer and claystone (Fastovsky et al., 1989), 3} the
chemical similarity between the Beloc tektite-'ike glass in Haiti and the boundary
claystone (Sigurdsson ¢ :l., 1991) implying that the boundary claystone may be an
impact ejecta horizon, and 4) the spherulitic texture of kaolinite in the claystone that has

been interpreted as having formed from the alteration of original tektite glass (Pollastro
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and Piltmore, 1987).

Arguments that favour a terrestrial origin for the claystone are the following
(Izett, 1990): 1) the concentration of shocked minerals is not in the boundary claystone
but in the overlying impact layer, 2) the common fossil plant material within the
claystone layer suggests slow accumulation in a normal fluvial or lacustrine environment,
3) a gradational contact is seen between the claystone and underlying carbonaceous shale
or mudstone, 4) there evidence for plant growth on the paleosurface of the claystone,
prior to deposition of the impact layer and this suggests at least a year of growing time
between deposition of the two layers, 5) there is evidence that the claystone underwent
pedogenic processes prior to the deposition of the overlying impact layer, 6) there is
usually a sharp contact between the impact layer and boundary claystone which might not
be expected if both are fallout layers, 7) the microspherulitic texture of kaolinite is not
seen at all terrestrial K-T sites, and 8) the boundary claystone has not been‘found at any
of the marine K-T sites (Izett, 1990 and references therein). This last obsewétion may
argue against its ejecta origin or support the contention that the impact site was close to
North America, thereby limiting ejecta to more local sites. It has been suggested that the
boundary claystone layer component was mixed in with impact layer material during
passage through the water column in the marine environment, thus forming one
composite layer (Bohor, 1990c).

Both the PGE abundances and interelement ratios are distinctly different for the
impact layer and the underlying claystone (Table 13a,b). The claystone PGE abundances
are often a factor of 10 or more depleted relative to the overlying impact layer, and their

PGE ratios do not resemble any for the known meteorite-types. Izett (1990) has
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suggested that the PGE in the Raton Basin have been mobilized in acidic, low

temperature fluids (Bowles, 1986) during diagenetic alteration of the K-T boundary
sediments, and consequently "fixed" in adjacent carbonaceous sediments and coal.
There is little doubt that an episode of widespread coa! formation (New Mexico lo
southern Canada) followed deposition of the impact layer, and that it was not related to
the event which deposited the PGE. The higher boundary claystone Ru/Ir ratios (Figure
17) are likely the result of differential PGE mobility, with Ru being more mobile
(Chapter 4). This elemental redistribution most likely resulted from chemical processes
since there is no evidence for reworking by physical or biological processes.

In summary, there is evidence in support of both an impact-related and purely
terrestrial origin for the K-T boundary claystone. The PGE abundances and their ratios
do not provide conclusive support to either model, although, the depletion in PGE and the

distinct Ru/Ir ratios are consistent with a non-impact origin for the claystone layer.



CHAPTER SIX
SOURCE OF THE PLATINUM-GROUP
ELEMENTS AT THE CRETACEOUS-TERTIARY BOUNDARY:
TERRESTRIAL OR EXTRATERRESTRIAL

Varied, and often contradictory causes that have been proposed for the mass
extinction at the end of the Cretaceous include; gradual or rapid changes in
aceanographic, atmospheric, or climatic conditions in response to a random or cyclical
coincidence of ultimate causative factors (e.g., magnetic reversal, or nearby supernova,
or the flooding of the ocean surface by a postulated arctic lake) (Alvarez et al., 1980 and
references therein). The extremely abrupt extinction of major groups at the K-T
boundary (Birkelund and Bromley, 1979; Smit and Hertogen, 1980) has encouraged
scientists to propose a more catastrophic extinction mechanism and two theories prevail;
volcanic eruption or meteorite impact. Due to the controversy over the cause of the K-T
extinctions, the source of the PGE in the boundary clay is also being actively debated.
The geochemical nature of the PGE necessitates that any terrestrial source must involve
tapping mantle regions. Analysis and discussion of PGE in mantle-derived rocks
(including the Deccan Trap basalt) is, therefore, warranted and islpresented in this
chapter.

Arguinents given in support of a volcanic origin for the PGE include the
following: 1) shock mosaicism was identified in plagioclase from the Toba volcanic
crater, Sumatra (Carter et al., 1986), implying that this texture is not solely a product of
impact, 2) an episode of major flood basalt volcanism (> 10° km® of material) spans the
K-T boundary (Deccan Trap basalt; 69-65 Ma, Courtillot et al., 1988) as well as the

largest Phanerozoic extinction event at the Permo-Triassic boundary (Siberian Flood
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Basait, 2 x 10% km® of material; Huffman, 1990) implying that major volcanic events may

have caused mass extinction, 3) iridium concentrations (0.17 pg/m’) 55 times the normal
values (= 0.003 pg/m®) were measured in volatiles from Kilauea volcano, Hawaii (Zoller
et al., 1983), which indicates that hot spot volcanoes can tap PGE-rich mantle regions,
and 4) anomalously high Ir abundances are spread over a 4 meter section across the K-T
boundary at Gubbio, Italy (Crocket et al., 1988), suggesting a long-term, rather than
instantaneous event. It should also be noted that '’Os/"*Os ratios in the boundary clay
layer cannot distinguish between a meteoritic or mantle source for the K-T boundary PGE
(Luck and Turekian, 1983).

Many convincing arguments have been advanced to negate the above evidence.
Sharpton and Schuraytz (1989) provide evidence that the mosiac extinction patterns in the
Toba feldspars are related to distinct compositional zoning, not shock deformation of the
crystal lattice. The single set of lamellae in the Toba feldspar bears little resemblance to
the many rational orientations found in K-T shocked feldspar (Izett, 1990) and no
shocked quartz was identified at Toba (Bohor et al., 1987a; Sharpton and Schuraytz,
1989; Bohor, 1990a). Alexopoulos et al. (1988) show that shock features in quartz, such
as those at the K-T boundary, are distinct from lamellar deformation features in quartz
from tectonic or explosive volcanic environments. It is even more difficult to imagine
how effusive volcanism, such as that of the Deccan Trap flood basalt, could produce the
pressures necessary to create shocked minerals and to distribute them globally. Deccan
Trap volcanism began well before, and persisted after the boundary extinction event. [ f
the PGE at the K-T boundary originated from volatiles effused during the flood

volcanism, several peaks in PGE concentration or one extended enrichment would be
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expected over the 69-65 Ma time span. Only one large PGE peak is found, locatized in a

thin layer, directly at the paleontological K-T boundary. Where extended Ir anomalies
have been identified, contamination, bioturbation, reworking and redeposition, chemical
diffusion or mixing during coring have all been evoked as possible causes (J.H. Crocket,
pers. comm., 1991; McLaren and Goodfellow, 1990; Rocchia et al., 1990). Iridium
enrichment in volatiles, likely as IrFg, has been identified at two hot spot volcanoes:
Kilauea and Piton de la Founaise (Toutain and Meyer, 1989), in sublimates and
incrustations formed upon gas cooling. No other PGE have been studied. These
volcanoes are characterized by highly fluorinated and chlorinated, high temperature
gasses (Olmez et al., 1986). Iridium condenses to particulate form very soon after its
release (Finnegan et al., 1990) and this may make it unable to reach the stratospheric
altitudes necessary for global dispersion.

Recent detailed re-sampling and re-analysis of Ir in the Gubbio section (Rocchia et
al., 1990) has substantiated a spread in the anomaly over a period stratigraphically
equivalent to a maximum of 500-600 Ka, considerably less than estimated duration of 1-4
Ma for the Deccan Trap eruption. Also, the peak Ir anomaly is 7 ppb (in the boundary
clay) while the highest anomalous value found within 3.5 meters above and below the
boundary was 0.8 ppb. It is hard to imagine a series of long-term, effusive volcanic
eruptions suddenly producing such a large, globally distributed concentration of Ir.
Rocchia et al. (1990) were not able to eliminate redeposition or chemical diffusion as
possible mechanisms to account for the vertical spread of the anomaly at the Gubbio site.

Recently it has been shown that the composition of tektites from the K-T ejecta

deposit in Haiti are inconsistent with a volcanic origin. The tektites, dated by “Ar/*Ar
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as 64.5 + 0.5 Ma, contain no small crystals (like obsidian) and are virtually free of gas

and water, unlike any kind of volcanic glass (Sigurdsson et al., 1991).

It seems unlikely, therefore, that the Deccan Trap eruption was responsible for the
formation of the shocked minerals or tektites at the K-T boundary. However, the
detection of Ir in volatiles from hot spot volcanoes and the inability to distinguish
geochemically between a mantle and meteoritic source for the K-T PGE means the
possibility that there was some PGE input from the Deccan Trap basalt to the K-T
boundary clay, cannot be ignored. PGE abundances and Ru/Ir ratios determined here for
the largest suite of Deccan Trap samples ever analysed for PGE, and for pristine Tertiary

mantle representatives, afford the first opporturity to make such a distinction.

Deccan Trap basalt and Other Volcanic and Mantle-Derived Rocks

Twenty six samples of Deccan Trap basalt (Figure 2) from various localities and
stratigraphic horizons were analyzed for PGE (Table 16) along with several other
volcanic and mantle-derived rocks (Table 17). The mantle-derived xenoliths and picrites
were analyzed to establish mantle PGE abundances and ratios and because the available
database (for Ru and Rh in particular) is not satisfactory. Note that the only aspect of
these rocks investigated here is their PGE geochemistry and its relation to the origin of
PGE in the K-T boundary clay. References cited in the text and in Table 17 provide all
other relevant geological information.

The Alligator Lake (southern Yukon) lherzolite xenoliths (mid Tertiary) have been
used to indicate the geochemistry of the source region for melts extracted from the upper

mantle (30-60 km depth) and are considered to represent metamorphic rocks, equilibrated
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at sub-solidus temperatures (Francis, 1987). Likewise, the Tertiary Baffin Bay picrites

(northeastern tip of Padloping Island) are compositional analogues of primary magmas
(Francis, 1985) and, together with the xenoliths, provide an indication of upper mantle
PGE compositions almost contemporaneous with the K-T boundary. The picrites are
from one of the most primitive recent volcanic suites in the world (Robillard et al.,
1991). Olivine spinifex-textured komatiite samples, dominantly Archean in age,
represent primitive magmas (Barnes et al., 1988). Due to the high temperature of their
eruption, sulphur solubility remains high and komatiites, therefore, retain the noble metal
budget of their mantle source. They are the best available analogues for Archean mantle
PGE compositions (Campbell et al., 1989). The Munro Township komatiite sequences
are complete and relatively pristine, having only been metamorphosed to prehnite-
pumpellyite facies (Arndt et al., 1977). The Ottawa Island komatiites (Perlay Islands,
eastern Hudson Bay) are younger (1800-1700 Ma), and significantly altered (4.5% H,0;
Baragar and Lamontagne, 1980). The Galapagos andesite and n-MORB are fractionated
rocks from the East Pacific Rise. The 675 Ma old Natkusiac flood basalt sample
(northeast Minto Arch, Victoria Island) is relatively uncontaminated by the crust and
therefore provides a good estimate of PGE in the Late Proterozoic upper mantle source

regions (Dostal et al., 1986).

Table 16. PGE abundance Lin ppb) in the Deccan Trap basalt.

1D Location Pt Pd Ru Ir Au Rh Ru/lr
DT-1 Pangidi 16£2.5 18+1.1 0.5%0.13 0.18£0.13 | 10+4.1 0.04£0.36 | 5
DT-2 Igatpusi 39 0.17 -.- - 26 1.9 -
DT-31 Ambadungsr 26 1 0.35 0.098 7.4 0.01 3.6
DT-32 Ambadungasr 17 23 0.3 - 14 0.076 -
DT-33 Ambadungar 40125 17£1.1 0.134£0.13 | 0.28+0.13 | 1514.1 0.11+£0.36 | 0.46
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TABLE 16 CON'T
1D Location Pt Pd Ru Ie Au LRh Ru/lr i
DT-34 Ambadungar 15 0.68 0.199 - 13 .-
DT-35 Ambadungar 9.84£2.5 17411 0.434£0.13 | 0.064£0.13 | 11441 0.074+0.36 | 6.5
DT-36 Nagpur 17 21 0.8 36 0.084
DT-37 Nagpur 13 21 0.14 0.045 15 0.095 3.1
DT-38 Pavagarh 4.942.5 27%l1 0.0740.13 | 0.05£0.13 | 6.844.1 0024036 | 1.4
DT-39 Pavagarh 1.7 0.93 0.087 -- 4.5 e -
DT-0 Mundwarm 8.5 4.7 0.2 0.7 4.7 0.042 29
DT41 Mundwara 6.8 7.4 0.19 - 5.1 0.055 -
DT42 Mundwara 9.8+2.5 54+l G.1140.13 | 0.1£0.13 IEFTH 0.024£0.36 | 1.1
DT-43 Mundwara 0.5£2.5 0.73£1.1 0.07£0.13 | 0.05+0.13 | 2.54+4.1 . 1.6
DT-4 Kala Doongar 0.33 1.1 0.079 - 29 .~
DT-45 Kals Doongar 43+2.5 46%!1.1 0.07+0.13 1 0.174+0.13 | 5.244.1 0.02+0.36 | 0.53
DT-46 Nara Dome 7.1£2.5 21+1.1 0.2640.13 | 0.06+0.13 | 11.5¢4.1 0.0740.36 | 4.3
DT47 Nara Dome 31 20 0.24 0.048 9.6 0.067 5.0
DT-48 Phenai Mata 6.3 6.4 0.12 .- 9.2 0.024 .-
DT-49 Phenai Mata 1.5 0.9 - . 4.4 . .-
DT-50 Girnar 9425 6.1¢l1.1 0.9940.13 | C.1640.13 } 6+4.1 0.03£0.36 | 5.3
DT-51 Girnar 8 7.8 0.23 - 6.3 0.02
DT-52 Khopali 118 - 0.9 0.17 44 -.- 5.3
DT-53 Akol-Harisal 3 9.1 0.77 0.21 10 0.032 37
DT-54 Bel.camghat 6.2 54 0.66 0.21 6.4 0.22 3
Range 0.5-118 0.1-23 0.05-1.0 0.05-0.7 2,544 0.01-1.9 0.29-6.5
<~ denotes values below the Limit of detection, Confidence limits (95%) far duplicate analysis is x£ 145D where SD in given in Tuble t.
Values with standard devistions are means of multiple measurements, Actil data s given in Table 1.
Samples from the same location are from the same atratigrephic horizon. Sump'c locations given in; Raju et al, (1965), Karkare (1985) nnd Sethna end

| Scthna (1990).

Table 17. Abundance of PGE (in ppb) in volcanic and othr .- mantle-derived rocks.
Sample I Pt Pd Ru Ir Au Rh | Ru/lr I
Alligator Lake Xenoliths®
AL-72 171 4.2 5.8 1.8 47 0.22 3.3
AL-74 55 3.3 4.9 2.1 30 - 2.4
AL-75 86 9.7 4.7 2.1 34 - 2.2

i AL-79 324 15 6.5 2.2 9.4 0.031 2.9




TABLE 17 CON'T

Sumple Pt Pd Ru Ir _ Au Rh Ru/Ir
AL-85 79 2.3 2.0 0.93 -- 0.034 2.2
Mean 2.6
BN DO NS SN

Baffin Bay Picrites®
Pd-10 25 8.2 3.2 1.1 4.4 0.69 2.8
Pd-13 59 11 3.0 0.98 4.5 0.049 3.1
Pd-15 32 8.2 2.0 0.55 13 0.072 3.6
P4-19 195 8.5 23 .31 31 0.124 7.3
Pd-21 56 16 3.2 0.84 7.4 0.05% 3.8
Mean * 4.1

i £1.8
Munro Township Komatiites®
SAl 28 15 5.1 1.3 9.2 - | 4.0
SA2 36 11 6.2 1.5 6.5 0.034 4.1
SA2-< 45 16 4.1 2.0 4.3 0.096 4.0
NA2 iy 15 7.2 1.5 3.8 0.065 4.8
NB2 37 25 7.0 0.82 2.3 0.145 8.6
Mean 5.1

+2.0
Ottawa Island Komatiites*
BLS-60-79 9.5 1.7 0.92 0.09 4.2 0.51 10.2
BLS-73-79 10 8.5 0.37 0.21 2.2 0.46 4,1
Sleeper Island Tholeiitic Basait®
BLS-33-79 1.5 1.2 R - 3.1 0.49 R
Natkusise Flood Basalt®
BLS-35-75 8.1 17 0.25 0.1 6.4 0.72 2.5
e =
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Sample Pt Pd Ru Ir Au Rh Ru/lr
e A ——— e ————————————

Galapagos Islands

GR-1645- 2.0£1.5 0.59 0.09 0.07 1,6+0.56 | 0.011 1.5

3B +0.11 +0.08 +0.06

andesite

GR-D5 1.241.5 0.19 0.13 0.07 0.93 2.0

basalt +0.11 +0.08 +0.06 +0.56

1, Francis (1987); 2. Francis (1985); 3. Crocket and MacRae (1986): 4. Baragur and Lamontagne (1980); 5. Bamgar and
Scoates (1987); 6. Dostal ct al, (1986).

-.~ denoles valucs below the limit of detection.

Mear values for miltiple analyses of Galupagos rocks are given with associated conficence limits (959 caleulated from
muitiple analyses in Table [, Individual values are given in Table 1.

Discussion

The Alligator Lake Xenoliths, Baffin Bay picrites and Munro Township komatiites
are a factor of 10 more enriched in PGE than the Deccan Trap basalt. The Ottawa Island
komatiites have lower PGE abundances. Most results for the Sleeper Island tholeiites
(1960 Ma old; eastern Hudson Bay) are below detection limits. The Natkusiac flood
basalt has lower PGE values than the mantle-derived rocks, and one more comparable to
the Deccan Trap values. The fractionated (Mg # = 51.3 and 24.2 for GR-DS and GR-
1645-3E, respectively; 1. Jonasson, pers. comm., 1990) Galapagos n-MORB and andesite
are depleted in PGE (Table 17). The PGE may have been partitioned into immiscible
sulphide phases and retained in the mantle (Mitchell and Keays, 1981; Hamlyn et al.,
1985).

The abundances of Ru and Ir in the Deccan Trap basalt are 0.3-0.5 ppb and 0.5-
0.7 ppb, respectively. Rocchia et al. (1988) previously noted that Ir in the Deccan Trap
basalt was depleted and they suggested that massive outgussing from the magma was
responsible. As already pointed out, such interpretation is not supported by the sharp

PGE concentration spike at the boundary. It should also be noted that when Ir escapes
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from outgassing magma, it does so in fluoride complexes (Zoller et al., 1983; Olmez et

al., 1986), If the relative degree of [r and Ru fluoride complexing was comparable to
their respective tendency for chloride complexing (Goldberg et al., 1988), the vent gasses
and the Deccan Trap volatiles should have high Ru/Ir ratios. Yet, the K-T boundary
Ru/Ir ratio (1.77 £ 0.53, 0.92 + 0.28) is less than that of the "residual” Deccan Trap
basalt (3.42 £+ 1.96). Nevertheless, since Ir has been found in anomalously high
amounts in hot spot volatiles, the possibility of some PGE input to K-T sites proximal to
the Deccan Trap basalt cannot be entirely dismissed. This will be discussed further in
Chapter 8. |

The mean Ru/Ir ratio of the Deccan Trap basalt (3.42 + 1.96) is statistically
different from marine (1.77 + 0.53; 95% confidence level; Student’s t-test) as well as
from terrestrial K-T sites (0.92 1 0.28; 99.9% confidence level). It also differs at the
99.9% confidence level from the chondrite meteorite Ru/Ir value (1.48 4+ 0.09). It
should be kept in mind, however, that the degree of PGE outgassed from the basalt is not
well constrained and that remobilization of PGE may have aitered Ru/Ir ratios in each
environment,

A difference between the Ru/Ir ratio of the Alligator Lake xenoliths, Baffin Bay
picrites and the Deccan Trap basalts cannot be detected with confidence (statistically
different only at the 60% confidence level). Assuming that the mantle chemistry, as
represented by the xenoliths and picrites, is close to that of the Deccan Trap source
region, the PGE depletion in the Deccan Trap basalt implies that the PGE were either
lost to volatiles upon eruption, or that PGE-bearing phases were retained in the mantle.

The Ru/Ir ratio allows differentiation between these possibilities. If the PGE were
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removed from the Traps into volatile phases, the present Deccan Trap Ru/Ir ratio should

be increased relative to the mantle by a degree complimentary to that accumulated in the
K-T boundary clays. Since the mantle and the Deccan Trap basalt have the same Ru/lr
ratio, the PGE depletion in the Deccan Trap basalt is not due to their global dispersal in
volatile phases and deposition in the bouncary clay, but rather. to the ;etention of PGE-
bearing phases in the mantle. Little fractionation of Ru from Ir occurred during eruption
and emplacement of the Deccan Trap basalt, again emphasizing the geochemical

coherence of these elements.



CHAPTER SEVEN

IMPACTOR IDENTIFICATION

Impact melt rocks from several Canadian craters (Figure 28, Table 18) were

analyzed to explore the general usefulness of specific PGE ratios as tools for impactor

identification. If it is possible to use PGE ratios to corroborate suggested impactor types

at known impact craters, application of PGE elemental ratios to identify impactors at the

K-T boundary may be possible. All major classes of meteorites are represented among

the projectile types for terrestrial impact craters (Grieve, 1980).

Table 18. Location, size and age of terrestrial impact craters studied.

Crater Latitude I Longitude Diameter (kan) Age (Ma) L
East Clearwater 56°5°N 74°T'W 22 290 + 20
Brent 46°3'N 78°29'W 3.8 450 + 30
New Quebec 61°17'N 73°40'W 3.4 1.4 + 0.1
Wanapitei 46°44'N 80°44'W 8.5 37T £ 24
All data from Grieve and Robertson {1987).

Limitations on Projectile Identification

Several factors complicate the use of PGE and siderophile element abundances in

melt rocks to identify projectile types: 1) Early-time high speed ejecta (O'Keefe and

Ahrens, 1982) usually removes the bulk of the projectile mass from the immediate region

of the crater (Grieve, 1982). This material disperses regionally, or globally in the case

of large impacts. Thus, the projectile "signature” is generally weak. 2) Corrections must

be made for the terrestrial component in the melt rocks. An ultramafic target rock, for

example, may add PGE and siderophile elements to the melt rocks of a small crater,
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Figure 28. Map showing the location of Canadian impact craters from which samples
were studied. | = East Clearwater crater, Quebec; 2 = Brent crater, Ontario; 3 =
New Quebec crater, Quebec; 4 = Wanapitei Lake, On‘ario.



55°

50°

m

B <

Ontario

&

80

70"



114
thereby adding terrestrial "noise” to the siderophile data and obscuring meteoritic

signatures. 3. Elemental fractionation during impact melting and vaporization, and
during crystallization of the melt sheet may alter or mask specific signatures. 4.
Subsequent hydrothermal and metamorphic alteration processes may remove elements
from the system (Palme et al., 1979; Wallace et al., 1990), or contaminate the system
with endogenic PGE Iand siderophile elements. 5. If the depositional environment is
marine, further complications result from the lack of knowledge of geochemical behavior
in this environment (Grieve, 1988). It should also be noted that, in some cases,
interelement ratios and abundances give ambiguous interpretations. For example, the
Rochechouart crater has been interpreted as being formed by an iron and a chondrite

projectile (Grieve, 1980 and 1eferences therein).

Siderophile Elements in Melt Rocks

The major elen :nt chemical homogeneity of impact melts is well established for
large craters (Dence, 1971; Grieve and Floran, 1978), but meteoritic componen't indicator
elements, like Ir, may be heterogeneously distributed in the melt sheet. Upon cooling of
the melt sheet, fractionation of such elements into minor, heterogeneously distributed
carrier phases (e.g., sulphide) may occur (Palme et al., 1979). Meteoritic elements
(PGE, Ni, Co, Cr) may be mutually fractionated during this cooling but within the PGE
group, Ru and Ir, in particular, should remain chemically coherent (this work),
concentrating in metallic iron phases according to their strong siderophile character. The
Ru/Ir ratio, taken in conjunction with other indicators (e.g., Cr content) should give an

indication of the impactor’s composition. Gold is not a suitable element to use for



115
identification of the impactor since it can be volatilized during terrestrial impact (Morgan,

1978) and is easily mobilized during terrestrial processes. As a result, the content of Au
in melt sheets may not be representative of the original meteoritic composition.

A strong enrichment of PGE and siderophile elements in melt rocks indicates
either a chondritic or iron impactor. In addition, chondrites are high in Cr (2660 + 202
ppm; Anders and Grevesse, 1989) while irons have low Cr contents (1224171 ppm;
Bunch and Olsen, 1975). The combination of Cr-enrichment with chondritic refractory
metal ratios (e.g., Ni/Cr, Ni/Co, Co/Cr) is sufficient for identification of the impactor as
a chondrite (Palme et al., 1979). All impact craters studied here are believed to have
been formed by chondritic impactors (Palme et al., 1979; Wolf et al., 1980; Palme et al.,
1981; Grieve et al., 1991) but the type of chondrite is more difficult to ascertain. The
absolute abundance of PGE in the melt rock is often not a good indicator of projectile
composition due to factors discussed above. The geochemical coherence of PGE, at least
within subgroups (PPGE, IPGE), suggests that the ratios might be more useful as
indicators of impactor type. Unfortunately, despite an order of magnitude difference in
PGE abundance (Table 19), the interelement ratios in various chondrite groups are
comparable (Table 20). In addition, the literature data for some elements in specific
chondrite groups are sparse. Figure 29 is a chondrite normalized plot for all meteorites
for which there is adequate data (from Table 19). All chondrite meteorite traces are flat
within an order of magnitude, but the iron meteorites generally show enriched Rh, Ir and
Au (ITIAB iron). Comparison of chondrite normalized traces for melt rocks with those
for chondrite meteorites (Figure 29) distinguishes between the major mctcorite groups

(e.g., iron vs. chondrite), but is unable to subdivide projectiles further within a group.



Figure 29. Chondrite normnalized PGE plot for different types of meteorites (Table
19). Insufficient data have precluded a plot for LL-chondrites. The range of
published Pt data for L-chondrites is represented by open circles. Two points for each
type of iron meteorite indicates the ranges of values for PGE in Table 19. IIIAB Pt
= Pernicka and Wasson (1987); ITIAB Au = Esbensen et al. (1982). Note that the
pattern for all chondrite-types are flat, thereby limiting the use of PGE for fine
classification within the group. Pronounced Rh enrichment with a corresponding
minor enrichment of Ir and Au characterize iron meteorites and distinguish them from
chondrites.
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Where data sets permit direct comparison (same samples analysed), the literature

data agrees to within a factor of 2 with analytical data determined in this work, except

some Ir and Au analyses for Wanapitei Lake where the agreement is within a factor of

10. When considering agreement between the published values and this work it should

be noted that often the published database is limited, has been obtained by different

analytical techniques and that the samples are commonly heterogeneous, with respect to

PGE carrier phases. These combined databases will be reviewed for each impact site.

Table 19. PGE and other siderophile element contents (in ppb, unless otherwise
noted) in chondrites and iron meteorites.

Type Pt Pd Ru Ir Au Rh Ni Co Cr
(%) {ppm) (ppm)
Chondrites
c-1! 990 560 712 481 140 134 1.10 502 2660
+73 +36 +38 +29 +21 +11 +0.06 £33 +202
L2 440- 550 750 620 193 220 nd 440~ 3400-
1400 +8" 434 780 >4000°
L- 12900 nd 12100 | 5400 1750 nd 1.47 7208+ nd
Metal™ -1400° + +130° +230¢ +0.03* 12134
5500°
LL- nd nd nd 383 nd nd nd 350- 3300-
+130 550° 395¢°
LL- 20300 | nd nd 8800+ 31500+ 11700+ | 25.5 11600+ | nd
Metal + 2100 350 850 +0.1 1532
3800
H-’ nd 9107 nd 779+ 236+ 2507 nd 700- 3000-
67 23 980’ 400¢°
H-* 10800 nd 6000 4100+ 1190+ nd 9.3+ 4800+ nd
Metal + + 500 90 0.11 552
2700 500
Enstatite 1275 795+ 990+ 290t 220° nd 1.59+¢ 808+ 3070+
+ rid 28° 290 0.13w 230 4911
35°
1090 6171+ 286+
+ 597 82’
2740
552+ J12+
63" 141
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Type Pt Pd Ru Ir Au Rh Ni Co Cr
(%) {(ppm) (ppm)
Irons
IOAB 5000- 1200- 5700 41204 740+ 1100Q- 7.85+ 5030 115+
23500° | 7100 + 601 20 41007 0.23" 70" 431
43001
7900 11604 8.06+ 16 +
+ 7504 1. 8.5"
6000H
IAB* 3320 2400- 3130 1530+ 1460+ 1400- 12469 nd nd
+ 77000 | ¢ 830 1700 3900°
J 1900 1970
1
[ ** Meual = metal phase of metcorite only analyzed.
*** note the large crror on velues.
Reference listed in column 1 apply to a1l ¢clements for that meteorile type, exceptions noted in table.
1. Anders and Grevesss (1989); 2. Mason (1971); 3. Palme ¢t al. (1979); 4. Rombaldi (1976); 5. Tandon and Wasson (1968),
comected for 10% ervor as per Kimberlin et al. (1968); 6. Rambaldi (1977b); 7. Ehmann et al. (1970); 8. Rambaldi (1977a); 9.
Crocket et al. (1967); 10. Sears ¢t al. (1982); 11, Smales et al. (1967); 12, Esbensen et al, (1982); 13, Malvin et al. (1984); 14,
Pernicka and Wasson (1987)7"; 15, Haas and Haskin, 1991,
—_—
Table 20. Interelement ratios for chondrite and iron meteorites.
Type Ru/lr PtIr Pd/Ir Aw/lr Pt/Au Pd/Au Pt/Ru Pd/Ru Ni/lr
Chondrites
c- 1.484+ | 205+ | 1.16% | 0.29¢ 7.074 4.04 .39+ 0.79+ 2.3 B4
0.0% 0.13 0.07 0.0t 0.98 0.50 0.09 0.05 E3
L3 1.57- 0.92- 1.15- 0.35¢+ 2.3- 2.9- 0.58- 0.73 nd
1.63 3.0 1.2 0.01! 10 3.9 2.5
LL- nd nd nd nd nd ud nd nd nd
H- nd nd 1.08- 0.30¢ nd 3.5- nd nid nd
1.3 0.03' 4.2
Enstatite* 3.4% 4.44 2.74+ | 0.65- 5.9- 3.6 134 0.8+ 5.5E4+
0.41 Q.54 0.33 0.91° 5.6 0.04 0.02 1.4 Ed
-9 99 (991 %9 19:9) 99 9 194) 109
1.77+ | 2.064 1.3+ 0.46+% 4.5+ 2.8+ 1.2+ 0.73+ 2.6 E4 ¢t
0.28 0.19 0.11 1.2 1.2 0.75 0.26 0.16 1.4 E4
(o7 ) %N am @n ) %101 19-10) en
197+ | 2.3+ .44 057+ 4.1+ 2.544 2.9 E4+
0.38 0.23 0.14 0.05 0.17 0.1 1.3 E4
| {110 (%10 (9-10) £10-10 19-103 4-10) t10-10)
Irons
[IAB! 1.38¢ 1.9+ 0.29- 0.18+ 10.7+ 6.6- 14+ 0.12- 19E}+
0.8 1.1 1.82 0.02 6.1 332 1.1 5.07 219
1412 0214 (1412 t1a-14) azin
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Type Ru/lr PtlIr Pd/Ir Au/lr Pt/Au Pd/Au Pt/Ru Pd/Ru Ni/Ir
0.28+ 6.8+ 2.1 E3¢
0.14 5.1 714
(14 (1414 LR
IAB 204+ | 2.2+ 1.01- 0.951 2.3+ >0 - l.14 Q.5- 7.8 E3+
1.2 1.2 112 0.86 2.1 2.4 0.63 6.6% 4.4 E3

' Values calculated by pooled estimate of variance (rom the data in Table 19,
! Ranges comrespond to those of Table 19.

nd = no data for that element.
MNumbers in parenthesca refer 10 reference sources for values used in ratio caleulation: {(numerator-denominator).

Table 21. Abundance of PGE (in ppb) in melt rocks from East Clearwater crater,
Brent crater, New Quebec crater and Wanapitei Lake (this work).

Location Sample Pt Pd Ru Ir Au Rh
Eust DWC-263- 153 124 47 29 35 14
Clearwater! 1045
39 96 50 29 13 0.71
DWC-263- 2.4 0.56 0.17 0.12 1.6 .-
1022
Brent® BI-59-2778-9 | 11 12 5.9 1.8 6.7 2.0
BI-59-2781-0 | 15 3.8 7.8 3.0 11 2.2
21 8.9 1.8 2.5 3.2 0.095
New RANQ-3a 17 54 3.9 1.5 3.8 0.0692
Quchec’ -88
17 6.7 4.0 1.9 5.8 0.057
RANQ-Ib 16 4.3 3.3 1.7 4.8 1.0
-88
13 5.4 3.5 2.0 2.4 0.029
RANQ-3c 28 7.9 5.5 2.3 1.8 0.11
-38
Wanapitei MSWX-154- 3.5 2.5 0.91 0.29 3.7 0.74
70
MSWX.200- 4.1 4,3 4.3 1.6 15 1.0
70
1.5 4.7 4.5 1.9 53 0.094
MSWX-137- 4.2 2.6 3.7 1.1 4.3 (.96
79

Sample identi fication given in the following references; 1, Palme et al. (1979); 2. Palme <t al. (1981); 3, Grieve <t al. (1991); 4.
Woll et al. (1980).

«. denotes values below the limit of detection,
Replicate values given where available.
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Table 22. PGE and siderophile element abundances {in ppb, unless otherwise noted)
for melt rocks (sites in Table 21) (other studies).

Location Sample Pt Pd Ir Au Ni Co Cr
(ppn} {ppm) (ppm)
= _.._’_
East DWC- nd nd 35.8 6.7 845 42.5 269
Clearwater! 263-1045
Brent® BI-59 nd 7.8 2.7 0.15 320 21.1 3
-2713-3
BI-59 nd 18.1 9.57 0.93 27 88.1 103
-2300-2
New RANQ- 8.1 nd 1.4 2.3 220 27 100
Quebec? 3a-88
RANQ- nd nd 1.7 nd 140 19 72
3b-88
RANQ- nd nd 1.3 nd 330 28 120
3c-88
Wanapitei* MSWX- | nd 4.4 3.03 1.86 103 10.4 45
154-70
MSWX- nd 4.1 3.8 1.05 85.7 10.6 58
200-70
MSWX- nd 4.9 4.12 2.03 136 13.2 65
137-79
Sample identification and valuca given in the following relerences; 1, Palme el al. (1979); 2. Palime et ol (1981); 3. Grieve ct al.
{1991); 4. Wolf et al. (1980).
nd = no data given for that element.
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Location Sumple | Ru/Ir | PYIr | PdIr | Aw/lr | Pt/Au | Pd/Au | Pt/Ru | Pd/Ru | Au/Ru
East DWC- 1.6 3.2 4.2 1.2 4.4 3.6 3.2 2.6 1.2
Clenrwater' | 263-
1045 1.7 0.77 34 0.45 3.0 1.4 0.77 1.9 0.26
DWC- 1.4 t4 4.7 13 1.5 0.35 14 3.3 9.4
263-
1022
Breat BI-59 3.3 1.9 6.8 3.7 1.7 1.8 1.9 2.1 1.1
-2778-9
BI-59 2.6 2.0 2.9 3.7 1.4 0.8 2.0 1.1 1.4
-2781-0
3.1 2.7 3.6 1.3 6.7 2.8 2.7 1.1 0.41
Mew RANQ- 2.6 4.4 3.6 2.5 4.4 1.4 4.4 1.4 0.97
Quebec? 34-88
2.1 4.2 3.5 3.1 2.9 1.2 4.2 1.7 1.5
RANQ- 1.9 4.9 2.5 2.8 3.4 0.9 4.9 1.3 1.5
3b-88
1.3 3.7 2.7 1.2 5.3 2.3 3.7 1.5 0.69
RANQ- 2.4 5.1 34 0.78 16 4.4 3.1 1.4 0.33
3c-38
Wanapitei! MSWX- | 3.1 2.8 8.6 13 0.95 0.68 3.9 2.8 4.1
154-70
MSWX- | 2.7 2.6 2.7 9.1 0.28 0.29 0.95 1.0 34
200-7¢
2.4 3.9 2.5 2.8 1.4 0.89 1.7 1.0 1.8
MSWX- | 3.4 3.8 2.4 3.9 0.98 0.60 I.1 .70 1.2
137-79
Sample identilication given in the following references: 1. Palme et al. (1979%; 2. Palme et al. (1981); 3. Grieve et al. (1991); 4. Wolf
et al. (1980).
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Table 24. Interelement ratios for melt rocks (sites in Table 21) (other studies).

Location | Sample Pulr PA/r Au/lr PUAu Pd/Au Nifle
East DWC-263 nd nd 0.187 nd nd 23.6
Clearwater! -1045
Brent’ BI-59- nd 2.9 0.06 ad 52 119
27733
BI-59- nd 1.89 0.1 nd 19.5 34
2800-2
New Quebec® | RANQ-3a 5.8 nd 1.64 3.5 nd 157
-88
RANQ-3b nd nd nd nd | 82
-83
RANQ-3c nd nd nd nd ud 253
-38
Wangapitei* MSWX-154- | nd 1.45 0.61 nd 2.4 3
70
MSWX-200- nd 1.08 0.28 nd 3.9 23
70
MSWX-137- | nd .19 0.49 nd 2.4 33
79
Samgple identification and valucs given in the following references: I, Palme et ai. (1979); 2. Palme ¢t sl. (1981); 3. Grieve ot nl.
(1991); 4. Wolf et al, (1980).
Experimental methods are INAA (Palme ¢t al., 1979), RNAA (Grieve et al., 1991), or both (Palme <t ol., 19K1; Wulf et al., 1UR0),
nd = no data given for that clement.
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Fast Clearwater Lake Crater

The East Clearwater impact structure was, by interpretation, formed by a
carhonaceous chondrite meteorite (Palme et al., 1979; Grieve et al., 1980) impacting into
granitic gneiss of the Precambrian Shield. Analyzed here were two core samples of melt
rock from drill hole DWC-2-63 (Table 21). There is a strong enrichment of PGE in the
melt rocks, more so than in any of the other craters studied. This may be due . a low
velocity impact which produced relatively less melt and left a higher meteoritic signature
(Grieve, 1982). The Ir values determined in this work compare well with those of Palme
et al. (1979) (Tables 21, 22), but Au contents determined in this study are higher,
possiblv due to differences in analytical techniques (NAA vs. ICP-MS) or, more likely,
to heterogeneity of Au distribution. Of the intereiement PGE ratios (Table 23), Ru/Ir is
the most consistent and compares well with the Cl-chondrite values (Table 20). This is
not surprising considering the relatively low mobilization potential and geochemical
coherence of these elements The Ru/Ir ratio also compares well with an H-chondrite
and an enstatite chondrite, but these have been dismissed as possible projectile types
because of their high Cr content (Palme et al., 1979). The melt rock Cr-content is too
high (Table 22) for the impactor to have been an iron meteorite (Palme et al., 1979).
The chondrite normalized plot for East Clearwaier (elements for all chondrite normalized
plots are in order of decreasing melting point according to convention; Naldrett et al.,
1979; Figure 30) has a relatively flat pattern (“flat” defined as varying within an order of
magnitude), also suggesting a chondri.ic impacior. Ruthenium and Ir compare well for
duplicate analyses of the 291 m sample (Table 21), however, the deviation of Pt analyses

may indicate heterogeneous distribution of the Pt carrier phase(s). The depletion of Rh
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and Au in the duplicate analysis of DWC-2-63-1045 may be due to loss during analytical

preparation procedures as these are the only two elements analysed by external calibration
and the same loss is not seen in the other analysis of this sample. The difference in PGE
enrichment between the two core samples may be due to concentration of meteoritic
components in only some parts of the otherwise homogeneous melt sheet. The likely
PGE carrier is a heterogeneously distributed sulphide phase (Palme et al., 1979).
Siderophile-rich Fe-Ni particles in the melt rocks are PGE-enriched and are assumed to
indicate a C2- or C3-chondrite impactor because Cl-chondrites do not contain Fe-Ni
metal (Grieve et al., 1980). Unfortunately, C2 and C3 chondrites have similar PGE
abundances and ratios (e.g., Ehmann et al., 1970) and the PGE, therefore, cannot be

used to identify a specific type of carbonaceous chondrite impactor.

Bren er

The Brent structure was formed by a L- or LL-chondrite impacting into
mesoperthite gneiss (Palme et al., 1981). Samples ot the melt sheet from the core of
drill hole BI-59 were analyzed for PGE (Table 21). No published PGE data exists for
the samples analyzed here, but Pd, Ir and Au concentrations for samples from
comparable depths have been reported by Palme et al. (1981) and are listed in Table 22.
The PGE concentrations are lower than in the melt rocks at East Clearwater, with
considerably lesser vanation with depth. The present results agree well with those of
Palme et al. (1581), except for Au (Tables 21, 22). Gold values presented here are not
only higher, but their reproducibility was poor (a factor of 4 difference between duplicate

anaiyses of BI-59-2781.0; Table 21), suggesting that the Au is heterogeneously
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distributed throughout the sample. Gold leaching during alteration of the Brent melt

rocks has previously been suggested to account for the low values (Palme et al., 1981).
This could expiai: the observed large variations in Au content, but not the higher
absoiute abundances found in the samples analyzed in this study. Comparison of Pd/Ir
ratios between the two studies gives an agreement within a factor of 2 (Tables 23, 24).
All other ratios determined in this work are consistent between samples and for duplicate
analyses (Au being the exception) (Table 23). The Rh depletiun observed in the duplicate
analysis of BI-2-63-2781 (Table 21) may be due to analytical loss since Au is also
depleted in this analysis compared to the other analysis of this sample. The PGE
abundances and interelement ratios (Tables 21-24) correspond poorly with those of L-
chondrites (Table 19, 20), and the lack of data for LL-chondrite precludes comparison
with this meteorite-type (Tables 19, 20). The Ru/Ir ratios for the Brent crater correspond
more closely to an enstatite chondrite, whereas the Pt/Ir ratios could be that of virtually
any meteorite type (c.f., Tables 20 and 23). The reported Cr content (73-103 ppm;
Palme et al., 1981) and the Ni/Cr ratio (2.9; Palme et al., 1981), however, argue against
an enstatite chondrite or an iron impactor. This, and the Ni-Cr correlation has been the
basis for identification of the projectile as L- or LL-chondrite (Palme et al., 1981). The
deviation of the PGE ratios from the L- or LL- values rhay be a result of fractionation of
meteoritic components, perhaps due to alteration (Palme et al., 1981). The chondrite
normalized plot for the Brent melt rocks is relatively flat (Figure 31), consistent with a
chondrite impactor. Detailed study of the chondrite normalized pattern (c.f., Figure 29
and Figure 31) may indicate a L-chondrite impactor but given the uncertainties discussed

above, it would be tenugus to attempt a fine classification.
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New Quebec Crater

The New Quebec crater is situated in predominantly granitic Archean gneiss of
the Ungava Peninsula of northern Quebec (Figure 28). Pebble samples of impact melt
rock were found in glacial sediments within 4 km of the impact structure (Grieve et al.,
1991). The impactor is thought to be a chondrite based on Ni, Co and Cr abundances
and siderophile interelement ratios (Grieve et al., 1991). 7The concentrations of all PGE
(Tables 21, 22) are consistent between different samples and duplicates of the same
sample, and agree with published data (Grieve, et al., 1991). The Ir analyses reported
previously for all three samples were too low to provide a good Ni-Ir correlation (Grieve
et al., 1991). The Ir values determined here are comparable, suggesting that the [r
depletion is a real feature. RANQ-3c seems to have a somewhat higher Pt, Pd, Ru, Ir
and Rh content and a lower Au content than the other two sample sets (Table 21).
Interelement ratios (Tables 23) agree within a factor of 2 with the limited data available
in the literature (Table 24), but are not chondritic, due to the Ir depletion. Pt/Au ratios
(Table 23) are compaiible with an enstatite chondrite (Table 20), but the low Cr content
(72-120 ppm; Grieve et al., 1991) of the New Quebcc melt rocks preciudes such an
impactor. The only ratio that is close to that of Cl-chondrites is Pd/Au for RANQ-3C, a
value distinct from all other Pd/Au ratios (c.f., Tables 20 and 23). A depletion of Ir, and
possibly Ru, may have raised the other ratios for New Quebec melt rocks, making
impactor identification using these ratios impossible. The chondrite normalized plot for
New Quebec (Figure 32) indeed shows depletion of Rh and, to a lesser ~xtent, Ir and Pd,
but is relatively flat and very similar to the plot for the Brent samples. Because of

relatively low Rh and Pd values, the New Quebec projectile is unlikely to have been an
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iron meteorite (Figure 29). A chondritic impactor is therefore suggested, The Rh
concentrations are very low (0.066 + 0.033 excluding RANQ-3B) for a reason which is
not clear at this time. It is difficult to attribute the low Rh values to analytical error
since it does not correspond to a depletion of Au. The lack of Ni-Ir correlation (Grieve
et al., 1991) may suggest that all the IPGE and Rh have been depleted by an unknown
process. Samples are fresh to slightly altered (Grieve et al., 1991) so post-depositional
leaching or redistribution of PGE is unlikely. The average Ni/Ir ratio, corrected for
target rock contribution, is 5-6 times that in chondritic meteorites. A similar situation
exists at Sadksjarvi, where the Ni/Ir ratio is = 3 times chondritic (Palme, 1980). No
explanation is available in either case. Perhaps an as yet unidentified meteorite type
formed these craters.
Wanapitei Lake

Wanapitei Lake was interpreted to have formed by the impact of a chondrite
meteorite into Archean gneiss, Huronian sediments and minor diabase (Wolf et al.,
1980). Samples analyzed are glacial float samples of glassy melt rock. All melt rock
samples are enriched in PGE (Table 21}, Previous analysis (Pd, Ir, Au; Wolf et al.,
1980) give comparable values for Pd, but a factor of 2 to 10 lower concentrations for Ir
and Au (c.f., Tables 21 and 22). The Ir values from this work agree well in duplicate,
but Au values do not. A component of Au may have been added to the melt from the
basement Huronian quartzite, which have known Au association (Wolf et al., 1980 and
references therein). This factor may preclude the usefulness of Au for metcorite
identification at Wanapitei. The interelement Pd/Ir ratios do not agree well with previous

determinations (c.f., Table 23 and Table 24) as the present values are a factor of 2-4
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higher. The difference in Ir determinations may be a result of inhomogeneous

distribution of the Ir carrier phase(s). Radiochemical neutron activation analysis by Wolf
et al. (1980) yielded 27% error for Ir determination, however, even with this correction,
the Ir data from this work are still much lower than those of the previous study.
Compared to known meteorite-types (Table 20), the Ru/Ir ratio is high but within a factor
of 2 for most types of chondrite and irons. The Pt/Ir ratio corresponds most closely to
an LL-, H- or enstatite chondrite. The Pd/Ir ratio is similar to an enstatite chondrite,
but the PY/Ru ratio matches equally well with any chondrite or iron. The Pd/Ru ratio
indicates a Cl- or enstatite chondrite. Obviously the impactor can not be classified
beyond “chondrite”, utilizing the PGE interelement ratios. The high Co/Cr (= 100) and
Ni/Cr (= 4000) ratios of iron meteorites, compared to those of the melt rocks
(Co/Cr=4, Ni/Cr=2; Wolf et al., 1980) precludes this type of impactor. The lack of
Rh enrichment also argure against an iron projectile. On the basis of Ni/Cr ratios, an
LL-chondrite has been suggested as the closest match for the impacting body (Wolf et al.,
1980). The chondrite normalized plot for Wanapitei (Figure 33) is generally flat, with a
slight Ir and Ru depletion in MSWX-154-70. The elemental abundances are not as
consistent for this sample as for other samples from Wanapitei, but no duplicate analysis
was performed due to sample size limitations. Comparison of the chondrite normalized
PGE plot for Wanapitei with the pattern for iron meteorites (c.f., Figure 33 and Figure
29) indicates the impactor was not likely an iron. The low Rh value for the duplicate
analysis of MSWX-200-70 may be due to Rh loss during wet chemical preparation as

there is also a corresponding depletion of Au for this analysis (Table 21).
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Discussion

The application of PGE concentrations and interelement ratios to impactor
identification of melt rocks is limited. Where fresh, unaltered melt rocks were analysed,
PGE results can substantiate impactor classification based on other refractory and
siderophile elements. If the degree of alteration is high, there is a possibility that
redistribution of some or al! of the PGE may occur, thereby obscuring the original
meteoritic signatures. This is also the difficulty when PGE are concentrated in a
heterogeneously distributed, minor carrier phase. Even in the best possible situation
(homogeneous distribution of PGE in an unaltered melt sheet), PGE cannot be readily
used to identify a meteorite beyond a major group, such as a chondrite or iron. This is
often more easily done with elements such as Ni, Co and Cr. Considering these
limitations, it is unlikely that the impactor at the K-T boundary can be identified beyond

a major meteorite group using PGE.

K-T Boundary Projectile

Recent attempts to locate the K-T boundary impact craier may have met with
some success. The Chicxulub crater on the south coast of Mexico's Yucatan Peninsula is
the most promising candidate (Hildebrand and Boynton, 1990; Smit, 1991), although
dating and analysis of melt rocks have not yet been completed. Before Chicxulub’s
recent discovery, physical and chemical signatures of the boundary clay were used to
distinguish between oceanic and meteoritic impact sites (Shaw and Wasserberg, 1982;
Turpin et al., 1988; Hildebrand and Boynton, 1990). Low rare-earth element contents,

clinopyroxene within spherules and possible shocked chromite grains in the boundary clay
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all suggest an oceanic component (Smit et al., 1988; Bohor et al., 1987a). In contrast,

the large shocked quartz grains in North America and the felsic nature of most shocked
and unshocked clastic material in the boundary clay suggest that the impact also had a
continental component (Izett, 1990) derived from near North America. Recent work on
Haitian tektite-like spherules argues for a continental shelf target as well (Sigurdsson et
al,, 1990). It is also possible that simultaneous multiple impacts occurred, one on land
and one off the continental shelf. Binary projectiles have formed 2% of the known
impacts on Earth (R.A.F. Grieve pers. comm., 1991). It should be noted, however, that
the contribution of PGE from the target material to the K-T boundary clay would likely
be inconsequential if compared to that from a large chondritic impactor. The amount of
target rock vaporized and ejected is 10-100 times the mass of the bolide, depending on
impact velocity (Schmidt and Holsapple, 1982). Nevertheless, a chondritic bolide
contains over 10,000 times more Ir than the average crustal rock and the bolide PGE
contribution is thus at least two orders of magnitude greater than that of the tarpet
material.

Since PGE contami-.ation from target material is of little consequence for = large
impact, the major impediments for impactor identification in the K-T boundary clay using
PGE are uncertainty in the following: 1) the degree of PGE fractionation on impactur
volatilization and condensation, 2} the quantity of projectile PGE distributed globally in
the early-time high speed ejecta, 3) the degree of post-depositional alteration and
redistribution and the behavior of PGE during those processes. The first process has not
yet been quantified. Grieve (1982) established that the bulk of the projectile is

unaccounted for, even in complex craters, and has likely been removed in early ejecta.
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Since the K-T boundary clay is an ejecta deposit, it may prove more usctul than melt
rocks from the elusive K-T crater for projectile identification, depending on the amount
of melt formed. This work has quantified the mobilization potential of ail PGE, at least
into organic phases and above/below the boundary layer, and has allowed some

constraints to be placed on their redistribution (Chapter 4),

K-T projectile identification using PGE

Previous workers have suggested that the K-T projectile was chondntic based on
siderophile abundance (Ir, Os, Au, Pt, Co, Ni, Pd, Ru, Re; Ganapathy, 1980),
interelement ratios (Pt/Ir, Au/Ir; Kastner et al., 1984). The low Cr content and Ni/Co
ratio (=31 versus chondrite ratio of 21} of magnesioferrite (a globally distributed, high-
temperature relict of the event; Bohor et al., 1986; Zhou et al., 1991} also suggest a
chondritic impactor. Ruthenium has not been utilized for projectile identification,
because its immobile nature and coherence to Ir in the K-T boundary clay was not
recognized previously. The Ru/Ir values may prove to be of greater value for projectile
identification than the previously quoted P/Ir or Au/lr ratios (Alvarez et al., 1982;
Kastner et al., 1984; Tredoux et al., 1989).

The chondrite normalized plot for marine and terrestrial sites (Figure 34) displays
some of the features characteristic to the two environments. Comparison with meteoritic
trends presented in Figure 29 show that chondrite normalized plots for all sites are
inconsistent with an iron impactor. The flatness of the normalized profiles between Ru
and Ir is an indi. . on of the consistency of the Ru/Ir ratio in marine sites and the high

coherence of tnese elements; this argues further against an iron projectile {(c.f., Figures



Figure 34. Chondrite normalized PGE plot for marine and terrestrial K-T boundary
sites. Elements are presented in order of decreasing melting point. Bulk values for
each site were used. Chondrite values are from Anders and Grevesse, 1989.

Marine sites

Open circle = Petriccio; closed circle = Knappengraben; open triangle =
Elendgraben; closed triangle = Woodside Creek; open square = Stevns Klint; closed
square = Agost.

Terrestrial sites

Open circle = Berwind Canyon; closed circle = Starkville South; open triangle =
Clear Creek North; closed triangle = Red Deer Valley; open square = Morgan
Creek; closed square = Lance Creek.
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29 and 34). Profiles for K-T samples from Petriccio and Knappengraben are also
generally flat, and indicative of a chondritic impactor. The trend at Elendgraben is very
similar to that of Knappengraben but with higher values overall (Figure 34). The
depletion of Au at these sites is not due to loss during analytical preparation as a
corresponding loss of Rh would likely be seen and samples were analysed over an
extended period of time in many experiments. [t is possible that Au has been leached
from the boundary clay and fixed in organic matter.

Stevns Klint is the most PGE-enriched site (Figure 34). It is unlikely that the
depletion of Rh and Au 2pparent in the normalized plot of Stevns Klint is due analytical
error (e.g., fluctuation in mass-spectrometer sensitivity) since the values are not close to
the detection limit for either element (Table 9). Because each size-fraction of SK 1, SK 2
and SK 3 was analysed in ditferent experiments, over a three month period, it is unlikely
that the relative depletion of Rh and Au are due to precipitation during analytical
preparation. The Rh and Au depletion at Stevns Klint and Agost may reflect loss duce to
remobilization. Palme (1982) proposed the original meteoritic signature in the Stevns
Klint boundary clay had been affected by the same processes of fractionation during
impactor volatilization and recondensation as are believed to have occurred at East
Clearwater. The chondrite normalized PGE profile for the auplicate analysis of DWC-2-
63-1045 (East Clearwater; Figure 30) and for Stevns Klint correspond quite weil,
although the low Rh and Au in this melt rock sample may be due to the partial
precipitation of Rh and Au during analytical preparation. Other samples from East
Clearwater display chondrite normalized patterns that do not correspond closely to

samples from Stevns Klint and, therefore, the contention of Palme (1982) cannot be
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supported by PGE determinations of this work.

The chondrite normalized pattern for Woodside Creek shows a slightly positive
slope with a marked peak at Pd (Figure 34). The depletion of Au may be due to
secondary remobilization. The PGE pattern for Woodside Creek is comparable to
patterns for other marine K-T sites (e.g., Knappengraben, Petriccio), although it is
generally more PGE-rich (Figure 34). The chondrite normalized PGE profiles
determined here contrast with those previously determined for several marine K-T sites,
including three from New Zealand (Tredoux et al., 1989; PGE determined by NiS fire
assay with neutron activation analysis). Non-chondritic, steep slopes and a Pd-depletion
were observed for the New Zealand sites analysed by Tredoux et al. (1989). Table 25
provides a comparison of Woodside Creek PGE abundances analysed in this work with
those of Tredoux et al. (1989). Figure 35 shows comparative chondrite normalized
profiles.

Table 25. PGE determinations (in ppb) for Woodside Creek and other New Zealand
K-T boundary sites.

Woodside Creek Woodside Creek! | Needles Point! Chancet Rocks!
(this work)

Ir 26 37 6.4 4.6

Ru 51 58 19 11

Rh 9.4 nd nd nd

Pt 75 236 172 120

Pd 172 56 46 24

Au 2.2 35 7 7

Ru/lr 2.0 1.6 3.0 2.4
! Tredoux et al. (1989).




Figure 35. Chondrite normalized PGE plot for New Zealand K-T sites. Woodside
Creek (this work) = open circle; Woodside Creek (Tredoux et al., 1989) = closed
circle; Needles Point (Tredoux et al., 1989) = open triangle; Chancet Rocks
(Tredoux et al., 1989) = closed triangle. Data of Tredoux et al. (1989) has been
recalculated using chondrite values of Anders and Grevesse, 1989.
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For Woodside Creek, Ru and [r values from this study and those of Tredoux et al. (1989)
compare well, as do Ru/Ir ratios. Ru/Ir ratios for Needles Point and Chancet Rocks are
higher than those of Woodside Creek (Table 25). The chondrite normalized PGE profiles
for all New Zealand sites determined by Tredoux et al. (1989) (Figure 35) are similar,
however, neither the Pd peak or the Au depletion shown in the profile for Woodside
Creek determined from this study, are evident (Figure 35). Possible expianations for the
differences include different analytical methods applied or different locations sampled.
The NiS fire assay procedure utilized by Tredoux et al. (1989) requires 50 grams of
material, whereas only 5 grams of sample was analysed in this study. The precise
location of the samples may be of great importance if winnowing and redeposition
occurred during/after deposition of the boundary clay (Bohor, 1990b). Clearly, without
analyses of Needles Point and Chancet Rocks by ICP-MS and analysis of exchanged
sample splits, the discrepancy between studies cannot be resolved.

Terrestrial chondrite normalized profiles (Figure 34) show a depletion of Ru,
making the trace between Ru and Ir negative in comparison to marine sites. This may be
the result of illitization of the smectite carrier or fractionation of Ru and Ir during
condensation of SCEG (strasospheric condensed ejecta glass; see Chapter 8). Rhodium is
consistently near or below the detection limit in terrestrial sites (Table 13a) which is
refiected in the low chondrite normalized values in Figure 34, Palladium is relatively
depleted at Red Deer Valley and, to a lesser extent, at Lance Creek, perhaps due to
remobilization. A similar process may be responsible for Au depletion at Clear Creek
North, Starkville South and Berwind Canyon. The PGE traces for Berwind Canyon and

Starkville South are almost identical (Figure 34). Clearcreek North has lower PGE
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abundances but displays a trend similar to other Raton Basin sites.  With these factors

taken into consideration, the normalized traces from terrestrial sites are also relatively
flat, indicating the possibility of a chondritic impactor.

In summary, the marine and terrestrial K-T sites have statistically ditferent Ru/lr
values. The marine values are chondritic, within error, but cannot be used to classify the
projectile beyond the broad chondrite group. The terrestrial Ru/Ir ratios do not
correspond to any known PGE-enriched meteorite. This, however, may be an artifact of
fractionation during condensation of ejecta or of clay alteration (Chapter 8).

If the K-T impactor was chondritic in composition, there is the possibility of
cometary impact. Cometary nuclei contain not only ice, but also a mineralogical
component which is thought to deviate little from chondrite in composition (Nazarov ct
al., 1990). Evidence from the 1908 Tunguska event, suggests that cometary impacts may
be accompanied by the influx of cosmic dust particles, of chondritic composition
(Nazarov et al., 1990). However, the evidence presented here cannot differentiate

between cometary and asteroidal impact.



CHAPTER EIGHT
INTERPRETATION: TOWARDS THE GLOBAL NATURE OF THE K-T EVENT

The K-T impact was an event which left global signatures. This being so, it is
important to reconcile the differences between terrestrial and marine sites. The presently
assembled geochemical and mineralogical information from marine and terrestrial sites

that must be explained by a working hypothesis of global dimensions is as follows:

1) An organic host exists for PGE in both marine and terrestrial sites.

2) Smectite is a probable host to PGE in marine sites.

3) I/S mixed layer clay is a probable host to PGE in terrestrial sites.

4) PGE concentrations in coarse size fractions in terrestrial sites exceed those in
their marine counterparts.

5) The Ru/Ir ratio for marine sites is higher than in chondrites.

6) The Ru/Ir ratio for terrestrial sites is lower than in chondrites.

Two hypotheses may account for the observations made in this study. The
assumption inherent to both is that there was a single impact of a chondritic body (Ru/Ir
= 1.48) at the K-T boundary. 1) Original PGE interelement ratios in the K-T boundary
clay, globally, were chondritic. Post-depositional alteration of original st-atospheric
condensed ejecta glass (SCEG) to clay minerals, PGE remobilization and possible
addition of terrestrially-derived PGE subsequently altered the original chondritic ratios.
2) The original PGE ratios in SCEG were not chondritic due to fractionation of PGE
during impactor volatilization and condensation. Different ratios in the marine and

terrestrial boundary clay resulted from temperature variation in the ejecta cloud with
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distance from the impact site.

Discussion

Statistically, the Ru/Ir ratios of the marine and terrestrial K-T boundary clays are
distinct at the 99.9% confidence level, a difference which shows up clearly in Figure 36.
The marine sites are chondritic within error whereas the terrestrial sites are not.
However, if taken as a single group, all sites show a ratio statistically identical to the
chondritic value (1.45). The question remains as to whether this shift from chondritic
values at terrestrial sites is due to post-depositional or pre-depositional processes.
Post-depositional Processes
Remobilization

The shift of the Ru/Ir ratios cannot be due to remobilization alone. In marine
sections there is, on average, 21% Ru and 12% Ir remobilized and fixed in organic
phases. If the original values in the impact layer were chondritic just after deposition of
the SCEG, the chondrite ratio can be corrected to account for remobilization out of the
mineral host. This calculation is likely valid if the remobilized PGE were fixed in
organic matter and if the boundary layers behaved as a closed system. The relationship
is:

chondrite Ru/Ir - organic Ru/Ir = corrected chondritic Ru/Ir

(712-(712x0.21)) + (481-(481x0.12) = 1.33
The corrected chondrite value (1.33) is farther away from the measured value of 1.77
than the uncorrected chondrite ratio of 1.48. Therefore, organic fixing of Ru and Ir in

the marine K-T boundary clay does not fractionate the elements enough to raise a
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Figure 36. Iridium versus Ru/Ir ratio for all K-T sites. Note that values for marine
and terrestrial sites plot in different fields. Chondrite Ru/Ir is 1.48 + 0.09. Where
the boundary impact layer was subdivided for analysis, total abundance for the layer
is plotted for each site. Where more than one section was sampled at a given
location, means are plotted for that site.
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chondritic ratio to 1.77. In terrestrial sections the Ru/lr ratio is lower than chondrite,
The degree of organic-association is less than at marine sites (9% for Ru and 6% for Ir).
The relationship is:

chondrite Ru/Ir - organic Ru/Ir = corrected chondritic Ru/Ir

(712 - (712x0.09)) + (481 - (481x0.06) = 1.43
Terrestrial values are 0.92, still Jower than the corrected chondrite value. For the Raton
Basin sites, data is available from layers surrounding the impact layer, but integration of
the Ru/Ir ratio across the section does not significantly change the value.
It has been postulated here that the organic-PGE association developed upon illitization
(terrestrial sites) and/or smectite formation (terrestrial and marine sites). Tt cannot be
proven whether some remobilization and fixing of Ru and Ir in organic phases occurred
millions of years after the K-T boundary clay layer was deposited, however, the
coherence of these elements may suggest the effect was minor. It is also possible that
some marine PGE were incorporated into settling organic matter during formation of the
clay layer. Platinum, Pd, Rh and Au have a higher propensity for PGE-inorganic/organic
complex formation (Chapter 4). The large ranges in their interelement ratios indicates
they were more greatly affected by redistribution processes, either during or after K-T
clay deposition.
Preferential Precipitation in the Marine Environment

On a purely speculative note, it is possible that preferential precipitation under
local reducing conditions ("Strangelove ocean"; Hsii and MacKenzie, 1985) may be
partially responsible for the marine Ru/Ir ratio being slightly higher than chondrite.

Studies of platinum and palladium in the ocean waters indicate an increased tendency
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toward formation of stronger halide complexes with increased atomic weight (Hodge et
al., 1985). It is expected that platinum forms stronger complexes with chloride and
bromide and that palladium is more readily fixed in sediments by scavenging reactions on
inorganic and biological phases (Hodge et al., 1985). Although iridium marine chemistry
follows that of palladium more than platinum (Goldberg et al., 1986), no data tor Ru are
available in the literature. If the trend of stronger halide complexing with increasing
atomic weight can be extended to Ir and Ru, Ir would complex more strongly in seawater
and Ru would be more quickly deposited in the seafloor sediment as organic or inorganic
complexes. This is a mechanism by which Ru and Ir may be fractionated in the marine
environment and by which the original chondritic marine Ru/Ir ratio could have been
slightly raised. The higher degree of organic association displayed by Ru over Ir in the
marine sites (Table 4) lends support to this theory.

Terrestrial Input

It is not possible for the Deccan Trap volcanism to be the sole source of the K-T
PGE (Chapter 6). However, the fact remains that massive effusion of basalt was
occurring contemporaneous with K-T boundary. The Ru/Ir ratio of the Deccan Trap
basalt is high (3.42 + 1.96) and it is possible that a certain amount of Deccan Trap PGE
ended up in the nearby marine K-T clay layer and raised the Ru/Ir ratio above chondrite
values. Calculations using the Ru/Ir ratios of Deccan Trap volcanic rocks and chondrite
indicate that =15% of Deccan Trap material with =85% chondrite PGE would give the
marine K-T value (Appendix II). Assumptions inherent in such a calculation are that Ru
and Ir enter the volatile fluoride phases in the same ratio as they are present in the rock

and that the elements can be launched high enougii in the atmosphere to spread to
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proximal marine K-T boundary sites. There is no data for Ru in hot spot volcanic gasses

so the hypothesis is not testable at this ume. Other studies (Bhandari et al., 1988) have
indicated that the Deccan Trap PGE contribution to the K-T marine clay is negligible.
Furthermore, terrestrial sites have not been affected by the Deccan voicanism because the
terrestrial Ru/Ir ratios are lower (0.92 + 0.28) and statistically different (99.9 %
confidence level) to the 3.42 + 1.96 Deccan Trap value.
Manson Input

It may also be possible that, if the Manson impact was synchronous with the large
K-T impact (= 66 Ma; Izett, 1990), some contribution from the Manson impact has
affected terrestrial PGE ratios, The identity of the Manson projectile has not yet been
established.  Original chondritic Ru/Ir ratios have been lowered at terrestrial K-T sites
which requires an input of material from the Manson projectile with a Ru/Ir ratio lower
than chondrite. It is difficult to conceive of a meteoritic body enriched in PGE that could
have this effect (Table 20). All meteorites enriched in PGE have Ru/Ir ratios higher
than 1.
Removal of PGE during Clay Alteration

Preferential solubilization of Ru over Ir may have resulted in removal of the
former from the terrestrial clays and lowered the Ru/Ir ratio at some sites. Table 15
shows the mean Ru values are lower in terrestrial sites than at marine, Illitization may
be the mechanism for Ru removal from terrestrial K-T boundary clays. Illitization is
most prevalent in the Raton Basin sites, but extends as far as the Red Deer Valley site in
Alberta. Some support for illitization being responsible for the chiange in terrestrial Ru/Ir

ratios is seen upon close study of the Red Deer Valley mineralogy-to-PGE correlation



(c.f., Table 13a and Table 14a). In fine clay and silt size-fractions, I/S clay and kaolinite
dominate the clay mineralogy and the Ru/lr ratio is low (0.75). In coarser fractions,
smectite is detected, I/S clay is not found and the Ru/lr ratio is higher (1.1 - 1.25) and
closer to chondrite (1.48 + 0.09). This may indicate that alteration of smectite to illite
causes solubilization of Ru over Ir, expulsion of the interlayer cations and a lowering of
the Ru/Ir ratio. Accumulation of K at the soil surface by biocycling has been
documented (Nettleton et al., 1973), as has the process of illitization under high pH, high
K* conditions (Fanning et al., 1989). It should be noted, however, that although it is
structurally possible for PGE to be located in interlayer cation sites, their actual location
in/on the clay has not been established. Although illitization has occurred at some sitcs,
it has not been noted at others (e.g., Lance Creek). [litization , therefore, cannot
account for the differences in the Ruiir ratio within the group of terrestrial sites studied
(e.g., Lance Creek has a Ru/Ir ratio of 1,2 while the Raton Basin ratio is 0.86) and it
seems doubtful that the ratio could be lowered from 1.48 (chondrite) to 0.86 by
illitization alone.
Pre-depositional Processes

Although post-sedimentary alteration, remobilization or input from terrestrial
sources are mechanisms that could alter Ru/Ir ratios to some degree, it scems unlikely
that they could lead to the differences observed between marine and terrestrial sites, It is
possible, however, that the terrestrial and marine K-T sites had different Ru/Ir ratios at
the time of deposition. The degree of PGE fractionation during impactor volatilization
and condensation has not been established. Some insight into this process can be

obtained from the global trend of Ru/Ir ratios in the K-T boundary clay. The K-T
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boundary clay at terrestrial sites has a lower Ru/lIr ratio (Figure 36), a greater content of

PGE in coarse size-fractions and larger shocked quartz grains than the marine counterpart
(Figure 37). As discussed, shocked quartz size has been used to indicate the location of
the K-T impact, since large grains would be expected to settle first, closest to the impact
site. Iridium and Ru have vaporization temperatures of 5017°C and 3900°C,
respectively, a difference of 1127°C (Table 3). It can be assumed that the impact site is,
or is near to, the Chicxulub structure of Mexico’s Yucatan Peninsula. After impact, the
temperature in the ejecta cloud would be hottest close to the impact site (Melosh, 1982)
and Ir would condense while Ru was still in vapour form. The first condensates would,
therefore, be more enriched in Ir than Ru and would have a low Ru/Ir ratio. The SCEG
falling on areas closer to the impact site will be relatively large as evidenced by shocked
quartz and tektite size-distribution patterns, and the higher content of PGE in coarse
grain-size particles in terrestrial K-T sites. By the time the stratospheric ejecta cloud
expands to pass over European and New Zealand marine K-T sites, the ¢jecta cloud wiil
have cooled (Melosh, 1982) and incorporated more Ru into condensates, resulting in
SCEG with a higher Ru/Ir ratio.

The marine ratio is slightly higher than chondrite, a fact which might be
reconciled by this model since more Ir than Ru would be removed from the gjecta cloud
early, close to the impact site. Finer SCEG would settle over the locations farther from
the impact site. This fractionation of Ru and Ir during condensation may explain the
broad differences between the Ru/Ir ratio in each environment (Figure 36, Figure 37).
The correlation of Ru/Ir ratio and size of shocked quartz grains (Figure 38) indicates that

closer to the impact site, where the shocked quartz size is largest, the Ru/Ir ratio is low.



Figure 37. Maximum size of shocked quartz grains in millimeters (Izett, 1990;
Preisinger, 1986) and Ru/Ir ratios for each site studied, plotted on a map with
continental configuration 65 Ma. Maximum size of shocked quartz grains has been
used to indicate approximate location of the impact site (Izett, 1990). Shocked quartz
size decreases and Ru/Ir ratio increases with increasing distance from the proposed K-
T impact site ("*"; Chicxulub crater, Yucatan Peninsula; Hildebrand and Boynton,
1990). Sample locations as in Figure 2a with the exception f 8; Caravaca, Spain
(instead of Agost). In this case shocked quartz size data was unavailable for Agost
and Ru/Ir ratios were unavailable for Caravaca, so the data was combined. No
shocked quartz size data has been reported for Knappengraben, Austria. Ru/Ir ratios
listed are mean values for each site.
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Figure 38. Maximum Shocked quartz grain size (in mm) versus Ru/Ir ratio for all K-
T sites studied. A negative correlation exists between these parameters. The increase
in Ru/Ir ratio with increasing distance from the impact site may support fractionation
of PGE within the ejecta clc.ud, before deposition in the K-T boundary clay, Ru/Ir
ratios plotted are mean values for each site.
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Figure 39. Iridium versus Ru/Ir ratio for meteorites, marine and terrestrial X-T boundary
impact layers and crustal and mantle-derived rocks. Ir values for the K-T boundary are
presented as ranges based on the bulk content at each site. Open circle == limestone 1-3 from
Table 5; open square = Petriccio and Elendgraben background samples from Table 8; filled

square = Ordovician-Silurian black shale from Goodfellow et al., 1991.

The Ru/Ir ratios used for comparing various sample sets (e.g., Deccan Trap basalt, marine
K-T boundary sites and terrestrial K-T boundary sites) are arithmetic means. The use of
arithmetic mean Ru/lr values is justified, since the ratios are normally distributed within each

population and the median closely matches the mean,

Statistical data for Ru/Ir ratios.

Deccan Trap basalt Marine K-T Terrestrial K-T
Mean 3.42 1.77 0.92
Standard 1.96 0.53 0.28
Deviation
Median 31 1.7 0.89
Range 0.46-7.4 1.1-2.9 0.37-1.6
n 24 29 29
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Farther from the impact site, shocked quartz is smaller and the Ru/Ir ratio is higher.
Considering the possibility that the original Ru/Ir ratios in the marine and terrestrial
boundary clay were different at the time of deposition, variation of the Ru/Ir ratio within
the groups of terrestrial and marine sites studied may then be attributed to clay alteration,
remobilization or terrestrial imput. In the light of this discussion, it should be reiterated
that the use of PGE interelement ratios in ejecta blankets for identifying impactors may
be hampered by the lack of quantification of PGE fractionation during ejecta

condensation.

On a global scale, the PGE data may support the proposed Chicxulub impact site.
Terrestrial sites in North America show a greater enrichment of PGE in coarse fractions,
whereas pristine European marine sites show more PGE in fine fractions. The coarser-
grained SCEG (stratospheric condensed ejecta glass) would tend to settle first from the
gjecta, on locations proximal to the impact site, whereas the finer aerosol could be
carried over larger distances. Alternate explanations have already been provided to
explain coarse size-fraction PGE enrichments at anomalous sites such as Stevns Klint and
Woodside Creek (Chapter 5). The correlation of grain size and distance from the impact
site can also be extended to tektite-like spherules which are from 1-6 mm in size at the
Haitian site (Sigurdsson et al., 1991) and considerably smaller in European K-T boundary
clay ( 0.1-0.8 mm at Caravaca; Smit, 1990, 0.05 mm at Petriccio; Montanari et al.,
1983).

Figure 39 provides a summary of all materials analysed for PGE in this work.

The large spread in Ir abundances for the K-T sites representing marine and terrestrial
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environments is evident, as is the large spread in Ru/lr values for terrestrial rocks. PGE

results for various meteorite types are also plotted. it is clear that, based on the Ru/Ir
ratio alone, any one of the varicus meteorite types shown in Figure 39 could be the
source of the X-T PGE. Group IIIAB irons and C-1 chondrites are most similar to both
marine and terrestrial Ru/Ir ranges, and iron meteorites can be eliminated on the basis of
other evidence (Chapter 7). Partial Ru/Ir ratio overlap of samples from the K-T marine
sites with those of volcanic rocks from the Deccan Trap suggest the Deccan Trap
volcanism may have contributed to PGE content in the boundary layer. However, it
should be noted that only Deccan Trap emissions with Ru/!r ratios higher than the mean
value (3.42) would contribute to raising the marine Ru/Ir ratio. This makes it even less
likely that the Deccan Trap basalt effusions were a source of PGE in the K-T boundary
clay. The RW/Ir ratio overlap of the Deccan Trap basalt and Tertiary mantle rocks is
evident. The terrestrial sites show lower Ru/Ir values than most meteorite types and all
mantle-derived rocks for reasons summarized earlier. Background limestone samples
have low Ir abundances and Ru/Ir ratios which range from < 1.0 to 2.5 (Table 8), while
the black shale sample has a considerably higher ratio. [f these are typical values for
crustal rocks, Ru/Ir ratio alone does not provide an indication of extraterrestrial input.
The low Ir concentrations, however, indicate a crustal source (Figure 35). The Ru/Ir
ratio indicates cosmic flux (source of most PGE in sediments; Alvarez, 1986) may be of
chondritic or iron meteorite composition, In fact, cosmic dust is of chondritic
composition (Nazarov et al., 1990). Samples from above and below the Petriccio and
Elendgraben sites have lower Ru/Ir ratios and slightly higher Ir concentrations than other

background samples. Post-depositional enhancement by carbonate dissolution (Rocchia et
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al., 1990) may account for the higher values, but mobilization out of the impact layer or

continuous input of PGE-rich sediment from continents to the ocean are also possible
sources for the anomaly. The importance of generating more background data of this
type cannot be overemphasized in order that the behavior of PGE in the sedimentary

cycle can be fully understood.



CHAPTER NINE
CONCLUSIONS AND FUTURE WORK

Clearly, there is complexity inherent in considering a global catastrophic event
which occurred 65 million years ago. However, the interpretations of this work attempt
a global perspective on K-T events, taking into consideration many variables in PGE
geochemistry and clay mineralogy.

Inductively coupled plasma mass spectrometry has afforded a detailed look at the
geochemistry of PGE in the K-T boundary clay, The low detection limits for small
samples makes it possible to provide new, detailed K-T boundary clay analyses, even on
relatively PGE-poor sites, and also much needed dala for crustal and mantle-derived
rocks, Anomalous PGE concentrations of extraterrestrial origin cannot be identified if
background PGE values and those characteristic of terrestrial sources are not clearly
defined.

The PGE are now hosted mainly by clay minerals and organic phases. Ruthenium
and iridium have undergone the smallest degree of redistribution and by fixing in
organics. This work may encourage a change in focus for future PGE work on impact
melt rocks and at extinction horizons, since most PGE are shown here 10 be too mobile to
retain original signatures. The discovery of Ru as an important indicator element in the
K-T clay allows interelement ratios of Ru and Ir to be used for the first time in PGE
cycling models, in estimates of possible volcanic input and for impactor identification,

Worldwide dispersal of PGE in condensed ejecta glass and the subsequent
alteration of this original host to smectite have provided the first opportunity to study the
effects of PGE mobilization in the terrestrial and marine realm. In terrestrial sites,
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subsequent alteration of smectite to I/S mixed layer clay in an organic, high K* activity,

high pH environment may have resulted in expulsion of interlayer cation PGE and water
and caused further remobilization of PGE. Ruthenium is more soluble under oxidizing
conditions and more likely to be associated with organic phases than Ir, vital facts for the
understanding the ratios of these "least mobile" PGE. The redistribution of continental
PGE or remobilization of PGE may have played important roles in generating anomalous
PGE values above the marine boundary clay layer.

The first evidence to support fractionation of PGE during impact volatilization and
condensation is presented here. This will have implications for the use of PGE and their
ratios in identifying impactors from ejecta deposits at known impact sites and for
identifying geochemical evidence of large impacts in the past.

Studies of mantle-derived rocks with PGE abundances representative of Tertiary
mantle compositions are vital in assessing the degree of terrestrial input into the K-T
boundary clay. The concentrations and interelement ratios indicate that the mantle was
not the primary source of metals for the K-T, but that some input from Deccan Trap
voilcanism may have affected the PGE in marine sites. The largest PGE database ever
compiled for the Deccan Traps is presented here. Addition of =15% Deccan Trap
material to proximal marine sites could have raised the Ru/Ir above chondrite values,
although this is still considered unlikely. The Manson impact occurred close in time to
the large K-T impact and may have had an effect on the proximal terrestrial sites.

PGE analysis of a terrestrial K-T site in Europe, South America or Australasia
would provide an opportunity to test some of the theories presented here. If the Ru/Ir

ratios were higher at such a site, fractionation of PGE during condensation in the ejecta
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cloud would be given further support and the effect of post-sedimentary alteration could

be more firmly established. The analysis of the melt rock from the K-T impact crater
(Chicxulub?) may provide some of the answers we can as yet only infer from the ejecta
layer.

The use of PGE in impactor identification is limited by the number of variables
involved, most of which cannot be determined at present. They can be used to support
interpretations made using other evidence and elemental abundances (e.g., Ni, Cr).

This work has provided needed insight into the behavior of PGE in both the
marine and terrestrial environments and into PGE mobility under low temperature
diagenetic and burial metamorphic conditions. However, the geochemistry of these
elements under certain conditions still remains largely unknown, Future work necessary
for a better understanding of PGE geochemistry include the following:

1. What are the solubilities of the PGE under varying conditions of temperature, pH,
salinity and redox potential? Experimental determinations of such parameters would be
fairly simple using analytical procedures such as those utilized here. Such information
has applications to studies of PGE in the marine environment, for PGE cycles and for
PGE associations in organic and acidic complexes. 2. More analyses of PGE
abundances in various crustal rocks will help elucidate the distribution of the elements,
their low temperature geochemical affinities and in the identification of true anomalies.
Other extinction horizons related to extraterrestrial impact and ancient melt rocks may be
identified on the basis of PGE abundances and interelement ratios established here.

3. The fractionation of PGE upon meteorite impact, volatilization and condensation must

be clearly understood before these elements may be used in projectile identification of
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known craters or horizons such as the K-T. Controlled experimental studies with
simulated compositions of known impactors and various targets must be made.

4. New techniques of high resolution electron microscopy are being uscd to investigate
crystalline materials on the atomic scale (von Harrach, 1991). Such technology could be
applied to the investigation of where PGE are structurally located in various mineral
phases such as clays, organic matter, sulphides and chromite. The location of the metals
within these phases directly affects the ease of their removal, and is imperative to

understanding potential elemental mobility.
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Appendix

What would be the size of a pure Ir nugget if all the Ir from the richest size-fraction
sample (1 gram) was contained in one grain?

The Woodside Creek clay size-fraction has 49.4 ppb Ir (raw data, uncorrected for total
weight of Woodside Creek sample).

49.4 ng/g in a | gram sample = 49.4 x 10”7 g
Density of Ir = 22 g/cm?

Volume = mass/density
= 49.4 x 107 g / 22 g/em?
= 2,25 x 10° ¢cm?

1em® =1 x 102 pm?

1x 102 pm® x 2.25 x 107 em® = 2.25 x 10® pm®

Therefore, the grain has a volume of 2.25 x 10’ um® with dimensions of approximately
P3pm x 13 pm x 13 um.
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Appendix IT
PGE contribution of Deccan Trap volatiles to the marine K-T boundary Ru/Ir values
Variables: x = proportion of chondrite Ru/Ir
y = proportion of Deccan Trap Ru/Ir
X(RUID ot T YRWINDpeecw = (RU/INgarine .7
x+y=1
L-y(Ru/In)chonurie + Y(RU/IDpecean = (RU/ID usine o1

y[(RulIr)cmﬁw + (RU/II')Dmm] = (Rulrr)muﬁas KT ~ (Runr)chondrir.e

y =0.164 ~ 16%





