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Abstract

We present the first age determinations of zircon from the diamondiferous Catoca kimberlite
in northeastern Angola, the fourth largest kimberlite body in the world. The U-Pb ages were

obtained using a Sensitive High Resolution lon Microprobe Il (SHRIMP I1) on zircon crystals



derived from tuffisitic kimberlite rocks and heavy-mineral concentrates from the Catoca
kimberlite. The SHRIMP results define a single weighted mean age of 117.9 + 0.7 Ma (Mean
square weighted deviation MSWD = 1.3). More than 90% of the results indicate a single age
population. There is no evidence for variable ages within single crystals, and no diffusional
profiles are preserved. These data are interpreted as the maximum age of the kimberlite eruption
at Catoca. The U/Th values suggest at least two different sources of zircon crystals. These
different populations may reflect different sources of kimberlitic magma, with some of the grains
produced in U- and Th- enriched metasomatized mantle units. This idea is consistent with the
two populations of zircon identified in this study. One population originated from a depleted
mantle source with low total REE (less than 25 ppm), and the other was derived from an

enriched source, likely from the mantle or a carbonatite-like melt with high total REE (up to 123

ppm).

The tectonic setting of northeastern Angola is influenced by the opening of the south Atlantic,
which reactivated deep NE-SW-trending faults during the early Cretaceous. The eruption of the
Catoca kimberlite can be correlated with these regional tectonic events. The Calonda Formation
(Albian-Cenomanian age) is the earliest sedimentary unit that incorporates eroded material
derived from the diamondiferous kimberlites. Thus, the age of the Catoca kimberlite eruption is
restricted to the time between the middle of the Aptian and the Albian. The new interpretation
will be an important guide in future exploration for diamonds because it provides precise data on

the age of a diamond-bearing kimberlite pulse in Angola.
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1. Introduction

Kimberlites contain primary minerals crystallized from a kimberlitic magma, a suite of mega-
and macrocrysts (e.g., zircon, diamond), and a complex variety of xenoliths (e.g., peridotite).
According to previous studies (Moore et al., 1992; Griffin et al., 2000; Pivin et al., 2009; and
references therein), some zircon megacrysts (crystals larger than 1 cm) do crystallize from
fractionating magmas in the mantle, are intergrown with other megacryst phases (ilmenite,
phlogopite, high-Fe olivine), and contain inclusions of chromian diopside, chromite, and
diamond. Mantle-derived zircon megacrysts have trace element compositions that are distinct
from zircon derived from the crust. These megacrysts have lower U and Th concentrations, and a
lower total abundance of rare-earth elements (REE) than zircon of crustal derivation (Belousova
et al., 2002; Heaman et al., 2006; and references therein). The U-Pb dating of zircon is by far the
most widely used method for obtaining reliable mineral-growth ages from different types of
rocks. Zircon can provide reliable ages because of its resistance to thermal disturbances.
However, the dating of kimberlites is one of the most difficult applications of this method
because crystal growth may have occurred hundreds of millions of years before kimberlite

emplacement.

The aim of this study is to determine the U-Pb ages of zircon from the diamondiferous Catoca
kimberlite, in the Lunda Sul province of Angola, using a Sensitive High Resolution lon
Microprobe 11 (SHRIMP I11). The study contributes to a better understanding of the geological
evolution of the Catoca kimberlite, which has important implications for diamond exploration.
Trace-element analyses carried out by Laser Ablation - Inductively Coupled Plasma - Mass
Spectrometry (LA-ICP-MS) were used to determine the chemical composition of the zircon

(including the REE) from the kimberlite and to suggest potential sources of the zircon. We also



present a comparison of the Catoca kimberlite with kimberlites in southeastern Brazil that were

formed during the Early Cretaceous.

1.1 Background information and previous geochronological research in Angola

The kimberlites of Angola are distributed in clusters (Pereira et al., 2003; Egorov et al., 2007)
in the northeastern, central, and southwestern areas of the country. Most of the kimberlites are
concentrated within the Lucapa structure, with a NE-SW orientation, or along NW-SE faults
(Fig. 1). The Lucapa structure is a major basement fault system with the highest diamondiferous
potential in Angola (Pereira et al., 2003). The Catoca kimberlite, the fourth largest kimberlite
pipe in the world (639,000 m?), is located in the northeastern part of this structure, and exhibits

rocks of crater and diatreme facies.

In the earliest geochronological studies, Bardet and Vachette (1966) proposed a main
Cretaceous kimberlitic event in the Congo craton based on stratigraphic relationships.
Subsequently, Davis (1977) dated one crystal of zircon from the Val do Queve kimberlite,
located in the central part of Angola by conventional U-Pb TIMS analysis. He reported a 2°°Pb-
2381 age of 134.0 + 2.0 Ma. However, Davis noted some unspecified analytical problems, which
he attributed to the crystal’s low U content. Later, Haggerty et al. (1983) carried out fission-track
dating of zircon from the same area and reported an age of 133.4 + 11.5 Ma, which they
interpreted as the time of eruption of the Val do Queve kimberlite. In contrast, Egorov et al.
(2007) published a K-Ar date of 372 £ 8 Ma for phlogopite from the groundmass of the
Chicuatite kimberlite in southwestern Angola and interpreted it as the kimberlite age. Eley et al.

(2008) reported a *®*Ph/*8U age for zircon from the Alto Cuilo 55 kimberlite and the Alto Cuilo



197 kimberlite (each date was based on a single-point analysis) of 113.0 + 0.8 Ma. The same
authors reported 2°°Pb/*®U ages for perovskite from the Alto Cuilo 139 kimberlite of 135.7 +
2.1 Ma and from the Alto Cuilo 1 kimberlite of 145.1 £+ 4.0 Ma (the authors did not specify the
technique that was used), and a Rb-Sr age for phlogopite from the Alto Cuilo 254 kimberlite of
115.5 + 1.1 Ma. All of the Alto Cuilo kimberlites are a part of the Luxinga kimberlite cluster,
located ca. 85 km southwest of Catoca. According to Eley et al. (2008), the ages indicate that
kimberlite intrusive activity took place in the Luxinga cluster between approximately 145 and
113 Ma. Recently, Jelsma et al. (2012) reported U-Pb ages for zircon from kimberlites in central
Angola between 252 and 216 Ma (median age of 235 Ma), using LA-ICP-MS. The authors

interpreted these data as a new age population of kimberlite emplacement in Angola.

2. Geological setting

The geological history of Angola includes the following three major phases, which have
shaped the country (De Carvalho et al., 2000; Guiraud et al., 2005; Egorov et al., 2007): (1) the
Archean orogeny; (2) the Proterozoic orogenic cycles (Eburnian: Paleoproterozoic, Kibaran:
Mesoproterozoic, and Pan-African: Neoproterozoic); and (3) the deposition of Phanerozoic
sedimentary sequences resting unconformably on previously eroded surfaces (Pereira et al.,
2003). The subsequent break-up of Gondwana during the Jurassic to Cretaceous, between 190
and 60 Ma (e.g., Jelsma et al., 2004), caused the development of basins that are associated with
deep fault systems in Angola. These fault systems facilitated the emplacement of alkaline,

carbonatitic, and kimberlitic magmas (Pereira et al., 2003).



The Late Cretaceous regional extension was associated with older deep-seated faults and
“grabens” with NE-SW and NW-SE trends (Jelsma et al., 2009). An example of such a NE-SW
trend is the Lucapa deep-seated fault system, which developed a local basin in northeastern
Angola along a line that continues southwest to a transform fault of the Mid-Atlantic Ridge
(White et al., 1995). The Lucapa structure has been a belt of recurring tectonic weakness since
the Paleoproterozoic (Jelsma et al., 2009). Most of the diamondiferous kimberlites in Angola are
located along the Lucapa structure in northeastern Angola, although it is not clear whether
kimberlites were emplaced at the time of rifting or whether they resulted from post-rifting
events. Strike-slip and shear fault systems in northeastern Angola likely could have led to
decompression (local extension) and compression, resulting in some control on the distribution
of igneous activity within the Lucapa structure. These processes could also have different
expressions within the Angolan Shield and Kasai Craton. Reliable age determinations are very
important for understanding the timing of these intracontinental processes. In the southwestern
part of Angola, there are outcrops of undersaturated alkaline rocks and carbonatites along this

trend (Reis, 1972), as well as some minor kimberlite fields (Egorov et al., 2007).

Continental sediments that unconformably overlie the Precambrian basement filled the
Lucapa structure during the Cretaceous and Paleogene. An example of this package of sediments
is the Calonda Formation, a fining upward lithostratigraphic unit of the Kwango Group that was
formed by torrential deposits gradually changing to lagoonal facies and concluding with low-
energy deposits associated with aeolian episodes. The Calonda Formation is the oldest
sedimentary unit in Angola that contains detrital diamond and kimberlite clasts (Pereira et al.,

2003; and references therein). It is reported to be Albian to Cenomanian in age, based on fish



macrofossils, palynomorphs, and tectonostratigraphic studies (Pereira et al., 2003). It has become

an important target in the exploration for alluvial diamond deposits.

3. Sample description

In this study, nineteen crystals of zircon between 0.6 and 4 mm in length were taken from
three core samples (four crystals) of tuffisitic kimberlites (TK) and three samples (fifteen
crystals) of heavy-mineral concentrate from the Catoca kimberlite to perform the SHRIMP
analyses (Table 1). The TK have macrocrysts (0.5-10 mm) of olivine (35-50 modal %), which
are, in most cases, completely replaced by serpentine, calcite, and saponite. Xenoliths of the host
rocks (3-5 modal %), comprising gneiss and amphibolites, are common. Also present are mantle
xenoliths (1-5 modal %) (e.g., altered metasomatized peridotite) and xenoliths of carbonatite
(calcite + anhedral Mn-rich ilmenite + zircon + apatite + phlogopite). Garnet (G9 and G10,
Grattter et al., 2004), chromian diopside, ilmenite, amphibole, phlogopite, and zircon are found
as mega- and macrocrysts in an altered kimberlite groundmass. Some zircon crystals exhibit a
reaction rim of baddeleyite. The matrix of the TK rocks contains lizardite, apatite, calcite,
ilmenite, and chromite. Titanite, zirconolite, baddeleyite, barite, dolomite, witherite,
barytocalcite, strontianite, and sulfides have also been identified in the matrix by quantitative
powder X-ray diffraction (powder method) and quantitative chemical analyses using an electron-
microprobe (EMP) (Robles-Cruz et al., 2009). One additional zircon crystal derived from a
heavy-mineral concentrate from the Tchiuzo kimberlite (15 km north of the Catoca kimberlite)

was added to this study for comparative purposes.



Large grain-size is a characteristic feature of zircon from kimberlites. According to several
authors (e.g., Belousova et al., 1998), zircon crystals found in kimberlites are relatively large in
size (several millimeters) compared to most zircon crystals from other types of igneous rock or
from metamorphic rocks. These crystals vary in color from colorless to brownish yellow. The
twenty crystals analyzed in this study are characterized by an almost complete absence of crystal
faces, and most of them are angular to subangular, presumably as a result of fracturing. A few of
them are subrounded, likely owing to disequilibrium with the medium, causing incipient

resorption during interaction with the kimberlitic magma.

According to back-scattered electron (BSE) images, the twenty zircon crystals are
homogeneous at the major element level. The crystals do not exhibit evidence of
metamictization. Nineteen of the twenty crystals exhibit oscillatory zoning in
cathodoluminescence (CL) (Figs. 2B, C, D, and F), which is usually interpreted to be a result of
crystallization in a melt or fluid (Belousova et al., 1998; Liati et al., 2004; Page et al., 2007).
Crystal no. 18 has dark-CL growth zoning (Fig. 2E), which is indicative of high U content. Four
zircon crystals in the analyzed set exhibit partial replacement by baddeleyite (ZrO,) along the
borders. In addition, these crystals are fractured, and the resulting fracture surfaces are not
corroded by baddeleyite (Figs. 2A, B). The baddeleyite crystals are irregular and narrow between

10 and 40 pum in breadth.

Three representative crystals (nos. 19, 21, and 22), between 1 and 3 mm in length and picked
from the heavy-mineral concentrate of the Catoca TK, were analyzed with an LA-ICP-MS.
These zircon crystals exhibit oscillatory zoning in CL. One of these crystals was also analyzed

with SHRIMP (no. 19).



4. Analytical methods

4.1 Determinations of trace element concentrations

Trace-element analyses were carried out by LA-ICP-MS on three zircon crystals (nos. 19, 21,
and 22) from the Catoca kimberlite at the Geological Survey of Canada. The trace-element
determinations were performed using a New Wave Research UP213 laser-ablation system in
combination with a Perkin ElImer 6100DRC quadrupole inductively coupled plasma mass
spectrometer. The data acquisition and calibration protocols employed have been described by
Longerich et al. (1996) and Jackson (2008). Operating conditions and data-acquisition
parameters used in this study are summarized in Table 2. Data reduction was performed using
the software GLITTER 4.4.2 (Griffin et al., 2008). The standard NIST SRM 610 (synthetic glass
reference material, National Institute of Standards and Technology) was used as the primary
calibration standard using concentration values from GEOREM (http://georem.mpch-
mainz.gwdg.de/, data downloaded February 24, 2010). The stoichiometric SiO, content of 32.8%
was used for internal standardization to correct differences in ablation yield between the sample
and reference material. A secondary standard, BCR-2G (a homogeneous basaltic reference glass
prepared by the U.S. Geological Survey: Jochum and Stoll, 2008), was used to monitor the
precision and accuracy of the technique. Precision and accuracy were assessed from repeated
analyses of the BCR-2G standard and were usually better than 10% for concentrations at the ppm
level. Detection limits were better than ~0.06 ppm for all elements reported, with the exception

of Ti.
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4.2 U-Pb dating

The zircon crystals were mounted in epoxy along with fragments of laboratory standard
zircon 26266 (“°Pb/?*®U age = 559 Ma) at the Geological Survey of Canada. The mid-sections of
the zircon crystals were exposed and characterized in back-scattered electron (BSE) mode
utilizing a Zeiss Evo 50 scanning electron microscope and a cold cathodoluminescence stage
mounted on a petrographic microscope to study internal features within the crystals, such as
zoning and structures. The surfaces of the 2.5-cm mounts were evaporatively coated with 10 nm

of high-purity Au.

The U-Pb analyses were conducted at the Geochronology Laboratory, Geological Survey of
Canada (Ottawa), using a Sensitive High Resolution lon Microprobe 11 (SHRIMP 11). Analyses
were performed using an *°O primary beam, projected onto the zircon crystals at 10 kV with a
beam current of ca. 10 nA. The sputtered area used for analysis was ca. 25 pm in diameter. The
count rates at ten masses including background were sequentially measured over six scans with a
single electron multiplier with a deadtime of 27 ns. Off-line data processing was accomplished
using the SQUID 2.22.08.04.30 software, rev. 30 Apr 2008. The 1o external errors of the
206pp/238| ratios reported in the table of data (Table 4) incorporate a +1.1% error in calibrating
the standard zircon (see Stern and Amelin, 2003). For the common Pb correction, we utilized the
Pb composition of the surface blank. No fractionation correction was applied to the Pb-isotope

data. The ?’Pb method (Williams, 1998) was used to calculate 2°°Pb/**U ages and errors.

5. Results
5.1 REE and Ti-in zircon thermometry

11



On the basis of total REE concentrations in zircon from the Catoca kimberlite, we identified
two ranges of values. One set consisted of total REE concentrations of less than 25 ppm, and the
other set was characterized by total REE concentrations up to 123 ppm (Table 3). The zircon
from the Catoca kimberlite (Fig. 3) exhibits low concentrations of light REE (LREE), a positive
anomaly in Ce (chondrite-normalized value up to 10.04 ppm, 9.6 ppm absolute concentration), a
lack of an Eu anomaly, and a positive slope from Pr to Lu, which flattens toward the heavy REE
(HREE). Similar chondrite-normalized patterns and REE contents have been observed in zircon
crystals from other kimberlites in southern Africa, Yakutia, and Australia (Belousova et al.,

1998, 2001).

The REE patterns in zircon indicate that HREE and Ce**, with a much more compatible ionic
radius (0.97 A) compared to Ce** (1.18 A), are preferentially incorporated in the zircon structure
(Ballard et al., 2002; Hoskin and Schaltegger, 2003). This anomalous abundance of Ce** could
be the result of an increased Ce**/Ce®" value in the melt as a function of high oxygen fugacity
(Belousova et al., 2002; Hoskin and Schaltegger, 2003; Whitehouse and Platt, 2003; and
references therein). Similarly, the absence of an Eu anomaly may be caused by a high Eu**/Eu®*
value under oxidized magma conditions in a feldspar-free magmatic environment (Hoskin and
Schaltegger, 2003). The suggestion of relatively high oxygen fugacity (fO,) conditions during
zircon crystallization seems more favorable for an interpretation of a positive Ce anomaly

combined with the absence of a negative Eu anomaly.

Concentrations of yttrium exhibit distinct ranges of values for each zircon population (Table
3). In one population, Y concentrations are between 39 and 120 ppm, while higher Y

concentrations, between 330 and 480 ppm, are found in the other population. Concentrations of

12



Hf are between 9580 and 13700 ppm for the first population and between 9180 and 9970 ppm

for the second population of zircon.

These three zircon crystals exhibit low Ti concentration, between 3.4 and 10.9 ppm, for the
first population and between 1.17 and 2.66 ppm for the second population. There is no direct
evidence that these zircon crystals coexisted with a Ti-dominant phase. However, ilmenite is
usually found in xenoliths, as mega- and macrocrystals, and in the groundmass of the Catoca

kimberlite.

The Ti-in-zircon thermometer (Watson et al., 2006) was applied to calculate the temperature
at which the zircon crystallized. The calculated temperatures are between 600 and 750 °C, which
is very low for a kimberlite. One possible explanation for this result is the lack of coexistence of
zircon with a Ti-dominant phase, which leads to uncertainty in the activity coefficient of Ti. The
same problem has been reported previously, where some doubts have been raised about the

applicability of the Ti-in-zircon thermometer for zircon from kimberlites (Page et al., 2007).

5.2 SHRIMP U-Pb ages

Forty-one SHRIMP analyses were performed on 19 zircon crystals from the Catoca
kimberlite. Table 4 summarizes the results of all the SHRIMP analyses. Concentrations of Th
and U range between 1 and 654 ppm and between 6 and 326 ppm, respectively. These ranges of
values, along with the REE analyses, appear to support the idea that the zircon crystals originated
from different sources. The Th/U values range from 0.21 to 2.07. Several analyses show very
low U concentrations and very high proportions of common Pb, up to 45%. The large amount of

common Pb is evident in a Tera-Wasserburg plot (Fig. 5). Samples with common Pb

13



concentrations of greater than 15% have higher 2°®Pb/*®U ages, which is attributed to
uncertainties that result from the very large common Pb correction required in those cases. For
this reason, all results with common Pb proportions greater than 15% were excluded from
interpretations (7 of 41 analyses rejected, Fig. 4). The 34 analyses below the 15% cut-off value
define a single weighted mean age of 117.9 + 0.7 Ma (Mean square weighted deviation MSWD
= 1.3, probability 0.093, Fig. 4B). Quadratic addition of the systematic error in the mount

calibration (0.3% 1 sigma) gives a total error estimate of 117.9 + 0.7 Ma.

Five SHRIMP analyses were carried out on one zircon crystal (no. 20) from the Tchiuzo
kimberlite, for comparison with the results discussed above. Concentrations of Th range between
11 and 34 ppm, and concentrations of U range from 36 to 61 ppm. The Th/U values range
between 0.30 and 0.56. The weighted mean of the five analyses gives an age of 121 + 3 Ma
(MSWD = 1.6; probability of fit 0.17). Two analyses have common Pb contents above 15%; if
these are rejected, the remaining three analyses have an identical weighted mean age of 121.2 +
1.8 (MSWD = 0.86; probability of fit 0.45). Thus, the single crystal from the Tchiuzo kimberlite

yields an age slightly older than the weighted mean age obtained for the Catoca kimberlite.

6. Discussion
6.1 Different sources of zircon

The zircon crystals have well-defined characteristic features in their chondrite-normalized
patterns, total REE abundances (Fig. 3), and different U and Th concentrations (Table 3). On the
basis of their REE composition, two different populations of zircon crystals have been identified

in the Catoca kimberlite. The first population is characterized by a low concentration of REE

14



(less than 25 ppm), U (less than 30 ppm), Th (less than 10 ppm), and Th*"/U*" values (0.20-
0.37). Experimental and theoretical studies in mafic and ultramafic rocks indicated that in such
rocks, U*™/U™" is approximately 100 and (Th/U)*™™!" equals approximately 0.17 (Blundy and
Wood, 2003). On the basis of results obtained in this study (Th*"/U*" = 0.26, Table 4), we
estimate a Th™*/U™* value between 2.1 and 3.6 for the “first” population of zircon. This value is
within the limits proposed by Zartman and Richardson (2005), between ~4 and ~2, for depleted
asthenosphere over the last 2.5 Ga. This first population of zircon crystals could be genetically
linked to the kimberlite. The second population is characterized by high concentrations of REE
(up to 123 ppm), high Th (more than 45 ppm), and high U (more than 100 ppm). This population

is likely derived from an enriched source.

These two populations of primary zircon were produced by at least two different batches of
magma that exhibit very similar ages (Fig. 6). The first population is similar in Th/U values to
the zircon megacrysts typically found in kimberlites (Heaman et al., 2006), and the second is
close to those reported from xenoliths of glimmerite (Rudnick et al., 1998) or MARID (Kinny
and Dawson, 1992; Hamilton et al., 1998). Both populations of zircon crystals are corroded and
overgrown by a rim of baddeleyite. The presence of such a rim suggests a desilication reaction as

a result of the interaction of zircon with carbonate in the kimberlitic magma, for example:
ZrSiO4 + (Ca, Mg)CO3 — ZrO, + (Ca, Mg)silicate + CO,

or as a result of a reaction with other minerals in a carbonated kimberlitic melt, as has been noted
in other kimberlites (Haggerty, 1991; Dawson et al., 2001; Page et al., 2007). In addition, the
crystals were fragmented after the development of the baddeleyite rim because the broken

surfaces are never replaced by baddeleyite (Figs. 2A, 2B). Therefore, these crystals may have

15



been replaced along the borders and then fractured during eruption or later, such as during

treatment in the gridding mill.

6.2 Age data

Two interpretations are possible to explain the presence of the SHRIMP U-Pb zircon ages
obtained in this study. The first interpretation is that they reflect a period of zircon growth at
117.9 £ 0.7 Ma, which would represent a maximum eruption age for the Catoca kimberlite. The
second interpretation is that the zircon crystals partially retain an older, inherited component that
was incompletely reset by diffusive Pb-loss prior to eruption at 117.9 £ 0.7 Ma. Did the zircon
form prior to kimberlite eruption but fail to quantitatively retain Pb owing to high ambient

temperatures and diffusive loss of Pb?

The Pb closure temperature of zircon is in excess of 900 °C (Cherniak and Watson, 2000;
Heaman et al., 2006; and references therein). Thus, the zircon thus likely records the time when
it was transported from the mantle by the kimberlitic magma. Although exposure to mantle
temperatures for long periods of time will cause zircon to lose Pb through diffusion, several
investigators of zircon in kimberlitic rocks (Mezger and Krogstad, 1997; Belousova et al., 2001;
Cherniak and Watson, 2003) have suggested that a complete resetting does not invariably take
place. Specifically, according to Belousova et al. (2001), zircon crystals may retain radiogenic

Pb at lithospheric mantle temperatures between 600 and 1200 °C.

The estimated geotherm for the Catoca kimberlite (Robles-Cruz et al., in preparation),
calculated from data on garnet peridotite xenoliths generated using the Nimis and Taylor (2000)

geothermobarometer, gives a temperature between 900 and 1200 °C at 40-55 kbar (160-200 km,

16



in the subcratonic lithospheric mantle). At this range of temperatures, the calculated volume
diffusion of Pb in zircon using the Arrhenius relation (Cherniak and Watson, 2000) is between
3.23 x10*® at 900 °C and 3.14 x10** m*/s™ at 1200 °C. Calculations of Pb diffusion in zircon

(Do) give:
Dpp = 1x10 exp(-550 kJ mol™/RT) m? s | R = 8.314472x10°® (gas constant)
Dpp = 3.23 x102° m?/s™, at T = 1173 K (900 °C)
Dpp = 3.14 10 m?/s™®, at T= 1473 K (1200 °C)
This Pb diffusion is not significant and precludes the second interpretation.

Other studies (Schérer et al., 1997; Corfu et al., 2003) suggest that zircon keeps a record
(partial or complete) of one or more thermal events that it has experienced. Thus each zircon
crystal is telling an “individual” history and the measured U-Pb zircon ages, together with the

REE concentrations, provide insight into different episodes of crystallization.

6.3 Geotectonic implications

This new interpretation of a maximum age for the kimberlitic eruption at 118 + 1 Ma (Aptian
age) is consistent with the regional tectonostratigraphy of northeastern Angola (Fig. 7). The
Catoca kimberlite was expected to be younger than the carbonatites and alkaline rocks found in
the Lucapa structure. These rocks yielded K-Ar and Rb-Sr ages between 138 and 130 Ma
(Alberti et al., 1999; and references therein). The U-Pb ages obtained in this study are similar to

those reported for the Alto Cuilo kimberlites (Eley et al., 2008; and references therein), which
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are slightly older than the Calonda Formation and contain eroded fragments of diamondiferous

kimberlite.

Cretaceous kimberlitic events of similar age have also been reported in the S&o Francisco
craton (Brazil), the Kaapvaal craton (South Africa and Botswana), and the Congo-Kasai craton
(the Democratic Republic of Congo), which were all part of Gondwanaland (e.g., Batumike et
al., 2007; Jelsma et al., 2009). Systems of deep faults present in these cratons probably were the
focus of thermal perturbations and injection of melt. The Canastra 01 kimberlite in Brazil,
located at the border of the Sdo Francisco craton (Da Costa, 2008), yielded an age of 120 +
10 Ma using K/Ar in phologopite (Chaves et al., 2008; and references therein). It is associated
with a NE-SW general tectonic trend and considered to be related to lithospheric heating that
took place before rifting (Fleischer, 1998; Read et al., 2004), at a time when the presence of the
Tristan da Cunha mantle plume (133 Ma) would have exerted tectonic control (Wilson, 1992). In
the western part of the Kaapvaal craton, in South Africa, kimberlites with ages of ca. 120 Ma
(Jelsma et al., 2009; and references therein) are associated with NE-SW preferential tectonic
orientation. In the Congo-Kasai craton, the reported ages of the earliest episodes of kimberlitic
magmatism are between 116 and 70 Ma (Batumike et al., 2009; and references therein), where
NE-SW and E-W general tectonic trends have been identified. The youngest kimberlitic
magmatic episode reported, the Mbuji-Mayi kimberlites (70 Ma, Scharer et al., 1997), located in
the east Kasai province in the Democratic Republic of Congo, have an E-W trend. The
implication is that there was a change in the tectonic direction with which these kimberlites are

associated between 120 and 70 Ma, around the end of the Early Cretaceous.

Our interpretation of 118 + 1 Ma for the maximum age of the kimberlitic eruption in Catoca,

which is associated with a NE-SW tectonic trend (Lucapa structure), reinforces the hypothesis of
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Jelsma et al. (2009) that 120 Ma (Aptian age) kimberlites are preferentially associated with NE-
SW tectonic trends, whereas 85 Ma (Santonian age) kimberlites are emplaced in E-W
lineaments. Our finding of an Aptian age for the maximum age of the kimberlitic eruption in
Catoca is also consistent with a single model for the magmatic province, which extends over
what is now southeastern Brazil and southwestern Africa, coincident with the opening of the
South Atlantic Ocean (Hawkesworth et al., 1992, 1999; Guiraud et al., 2010). The extensional
tectonic setting, rifting, and opening of the South Atlantic during the Early Cretaceous (Pereira et
al., 2003; Jelsma et al., 2009) and the reactivation of deep-seated fault systems probably
contributed to lithospheric heating (mantle upwelling) and, ultimately, to kimberlitic magmatism

in Angola.

7. Conclusions

(1) On the basis of U-Pb-derived zircon dates, petrographic and cathodoluminescence
imaging studies, REE data, and the regional geological setting, we conclude that the maximum
age for the Catoca kimberlite eruption is 118 + 1 Ma, which is an Aptian age. Almost all of the
analyses in this study belong to a single age population, with no evidence for variable ages

within single crystals and no diffusional profiles preserved.

(2) The U/Th values suggest at least two different sources of zircon crystals. Some of the
zircon crystals could have been produced in U-Th-enriched metasomatized mantle units
(MARID or glimmeritic suite assemblages), while others have chemistries suggestive of a
depleted asthenosphere source. Hence, these different populations can reflect different sources

for the kimberlitic magma.

19



(3) The presence of different sources of zircon is consistent with the two populations of zircon
also identified based on REE abundances. These populations are characterized either by zircon
crystals originating from a depleted mantle source with low concentration of REE (less than 25
ppm) or by zircon crystals derived from an enriched source, likely a carbonatitic melt, with high

concentrations of REE up to 123 ppm.

(4) The age of the Catoca kimberlite is restricted to between 118 + 1 Ma (the maximum age
for the kimberlite eruption in Catoca) and 112 Ma, the beginning of deposition of
diamondiferous clasts in the Calonda Formation. The eruptive event for the Catoca kimberlite

appears to have taken place in this range of ages.

(5) The diamondiferous Catoca kimberlite seems to be tectonically related to other Early
Cretaceous kimberlites confined in NE-SW lineaments in southwestern and southern Africa. This
is consistent with an incipient rifting stage previously proposed by Jelsma et al. (2009) between
135 and 115 Ma. This understanding has important implications for diamond exploration. The
documentation concerning the maximum age of eruption of the Catoca kimberlite during the
Aptian provides precise data on the age of a diamond-bearing kimberlite pulse in Angola and

should act as an important guide for diamond exploration.
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Figure captions

Fig. 1. Location map of the area of study. Geological map of northeastern Angola (after De
Araujo et al., 1988; De Araujo and Perevalov, 1998; De Carvalho et al., 2000; Egorov et al.,
2007). Abbreviations: Quaternary (QQ), Cenomanian (CE), Albian (AB), Permian (PP),
Carboniferous (CC), Undifferentiated (Undiff.), Group (Gp), Formation (Fm), sandstone (Sst),
conglomerate (Cgl), limestone (Lst), marlstone (Mrls), argillaceous limestone (ArgLst),
claystone (Clst), granite (Gr), gabbro (Gb), quartzite (Qzt), schist (Sch), granodiorite (Grdr),
dolerite (Do), amphibolite (Am), gneiss (Gns), carbonatites (Cht), nephelite (Nph), syenite (Syt),
ijolite (Ijt), pyroxenite (Pxt), anorthosite (Ant), troctolite (Trt), Norite (Nrt), epidotite (Epd),

granulite (Gnt), eclogite (Ecl).

Fig. 2. Representative crystals of zircon from the Catoca kimberlite and one crystal from the
Tchiuzo pipe. (A) Back-scattered electron image of zircon (Zrn) and baddeleyite (Bdl) crystals
from the Catoca kimberlite, crystal no. 10. (B) Cathodoluminescence image of crystal no. 10 at a
different scale than A. (C, D, and E) Cathodoluminescence images of crystals of zircon (nos. 12,

4, and 18, respectively) from the Catoca pipe, and (F) crystal of zircon (no. 20) from the Tchiuzo

pipe.
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Fig. 3. Chondrite-normalized REE patterns (in black) for the three crystals of zircon (nos. 19, 21,
and 22) from the Catoca kimberlite. Open symbols represent the rim, and closed symbols
represent the core of crystals. Gray lines represent average REE trends for zircon from

kimberlites and carbonatites reported by others and included here for comparative purposes.

Fig. 4. Weighted mean of “°Pb/?**U ages of zircon. (A) Zircon from the Catoca and the Tchiuzo

kimberlites. (B) Zircon from the Catoca kimberlite.

Fig. 5. Tera-Wasserburg (T-W) diagrams with data obtained from zircon crystals from the

Catoca and Tchiuzo kimberlites. Ellipses in gray are those that have a high proportion of 2*Pb.

(A) T-W diagram with data of crystals from the Catoca kimberlite, intersecting at 117.70 £ 0.94
Ma. (B) T-W diagram with data of crystals from the Tchiuzo kimberlite, intersecting at 120.4 +

2.8 Ma.

Fig. 6. Th versus U concentration in zircon from the Catoca (black circles) and the Tchiuzo pipes
(gray circles). The area in light gray corresponds to the field of mantle-derived zircon
megacrysts, as defined by Heaman et al. (2006). The dashed square represents the characteristic
concentration of zircon in kimberlitic rocks reported by Belousova et al. (2002). A black star on
the border of some circles indicate that those analyses were performed on zircon crystals with a

rim of baddeleyite. Crystals of zircon outside the mantle-derived field are enriched in U and Th.
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Most of the crystals are larger than 0.6 mm in size, fractured, and yield similar ages. There is no

correlation between age and Th/U content.

Fig. 7. Summary of geochronological results (SHRIMP) for the Catoca kimberlite eruption.

Tables

Table 1. Description of zircon crystals analyzed by SHRIMP.

Table 2. LA-ICP-MS operating conditions and data-acquisition parameters.

Table 3. Results of Laser-ablation ICP-MS analyses of zircon from the Catoca kimberlite.

Table 4. Summary of SHRIMP data for zircon from the Catoca and Tchiuzo kimberlites.
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Table 1. Description of zircon crystals analyzed by SHRIMP.

. . Crystal Width Length _ Zonation Presence [ ree of
Kimberlite Borehole Sample name/ Mount Type of sample o Crystal border (using cathodoluminescemce of rim of . Type of analyses
No. {(nm) {um}) - . fracturing
images) baddeleyite
Catoca 533 CA4-535-370-20B core (TE) ! 350 500 angular oscillatory VES L SHEDMD
2 120 1000 subangular patchy zoning YES M SHRDMP
3 D00 1100 swbrounded patchy?-oscillatory zone core NO M SHEIMP
4 800 1000  swbroundad ozcillatory HO L SHEILP
5 550 650  angular oscillatory NO VL SHEDMP
Catoca 335 CA-335-601 COnCEntTate 6 5 1100 subrounded wscillatory-patchy rim NO VL SHEDMP
7 200 800 sulrangular wscillatory NO VL SHEIMP
i G600 800 sulrangular woscillatory NO M SHEILP
2 200 850 sulrangular I Zoning YES M SHEILP
Catoca 535 CA-535-3159-2TBA core (TE) 10 450 850 angular wscillatory YES L SHEILMP
11 1000 subrounded escillatory NO L SHEIMP
850 sulrangular escillatory NO VL SHEIMP
1450  subrounded wescillatory-patchy by sectors NO L SHEIMP
Catoca 335 CA-3335-351 concentrate 1 700 800  subangular oscillatory and parchy in fracture HO M SHEDMP
1 400 1150 subrounded oscillatory HO M SHEDMP
1 s00 650  subangular oscillatory HO VL SHEDP
17 400 620  angular oscillatory HO VL SHEDMP
Catoca 535 CA-535-350-26 core (TE) 18 3800 4000 subrounded growth zoning with a patchy HO M SHEDMP
10 1400 2200 subangular oscillatory NO M SHEDMP + LA-ICP-MS
Catoca 536 CA-336-304 concentrate 21 1500 1300  subrounded HA HO L LA-TCP-MS
n 1200 1000 subrounded HA NO L LA-ICP-MS
Tchinze Gl0 TZ-GF10-13 COnCEntTate 0 350 980 sulrangular woscillatory NO M SHEILP
Middle (M)= 40-20% of fractares; Low (L)= 5-20%; Very Low (VL= less than 5%
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Table 2. LA-ICP-MS operating conditions and data-acquisition parameters.

L4

Model New Wave Research UP213
Wavelength 213 nm

Pulse duration (FWHM) ca. 4 ns

Nomunal spot sizes used 80-120 pm

Repetition rate 10 Hz

Energy density at sample ca. 5 Jem’®

ICP-MS

Model Perkin Elmer ELAN 6100DRC
Carrier has flow (He) 096 L/min

Make-up flow (Ar) 0.70 L/min

Sampler and skimmer Nickel

Data-acquisition paramerers

Data-acquisition protocol Time-Eesolved Analysis

Detector mode
Isotopes determined

Scanming mode

Dwell time per isotope
Time per mass sweep
Data acquisition tume
Oxide production

Pulse counting (<3 M c.p.s

QEMg. zgsL e 'uCa, O SI)V_ B M S'TFE, 59(:07 ﬁDNi_“

Scy. %7n. 'Ga. 2Ge. ©Rb. ¥Sr. ®Y. ©7r. “Nb. Cs.
137, 19, W0 Blp. Meny Wg, 1Ip, 1570y 15890y,
168y, 185y, 1675y 1690y 1Ty 15y, 1pp 1eip, 2057
208py, 207py, 08y, 2327y 18y

Peak hopping, 1 point per peak

10 ms

ca. 453 ms

180 s (ca. 60 s gas blank, up to ca. 120 s ablation)
ThO"/Th" <1%

Standards and calibration
Samples

Data-processing software
Calibration standard
Internal standard
Secondary standard

Polished 25 mm round mounts

GLITTER 4.4.2 (Gnffin et al_, 2008)

NIST SEM 610, GEOREM Preferred Values, Feb. 2010
Si02 (32.8 wt%)

USGS microbeam standard. BCR-2G
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Table 3. Results of Laser-ablation ICP-MS analyses of zircon from the Catoca kimberlite.

Kimberlite Catoca Catoca Catoca Catoca Catoca
Crystal No. 22 22 21 21 19
Type of sample  Concentrate Concentrate Concentrate Concentrate Concentrate
Spot location core core core rim core
Sample nmmber fel6h0s felab06 feldh09 fel6bl0 felGhls
Al values are reported in ppm

Ti 54 109 1.17 2.66 34
sr 0.045 285 0.34 0.61 0.61
Y 45 120 330 480 30
Nb 125 41 8.8 135 0.86
Ba 0.088 43 0.59 1.34 0.38
La 0.0181 0.50 0.054 0.168 0.075
Ce 0.7 280 53 0.6 0.82
Pr 0.031 0.211 0.187 0.39 0.0264
Nd 0.30 1.12 2.64 55 0.214
Sm 0.73 1.04 44 1.7 0.241
En 0.44 0.64 2.89 5.0 0.243
Gd 2.66 44 17.3 285 1.03
Th 0.76 1.50 52 8.0 0.52
Dy 6.5 16.2 31 79 5.1
Ho 1.96 50 152 2238 1.60
Er 6.4 177 54 77 6.2
Tm 1.13 32 10.4 149 141
Yh 8.8 254 86 123 120
Lu 142 38 11.7 151 1.50
Hi 12,800 13,700 9,180 0.970 9,580
Th 290 03 47 78 2.04
U 140 268 112 152 10,0
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Table 4. Summary of SHRIMP data for zircon from the Catoca and Tchiuzo kimberlites.

14Fb Corrected Fatios
~ Crystal Lid Th Th P Ph *Pb P
So MR gom)  ppw U g = =y =
1000121 8 43 0352 13 0.0537 = 0.0017 0.1210=0.0068 0.0185=0.0002
Catoca 2 1000122 n 34 047 11 00491 =0.0017 0.0769=0.0234 0.0181=0.0003
10001-2. 3 ] 02s 03 0.0050=0.0:480 T8+ 0.0005
10002-2a.1 166 137 08 a7 0.1001 =0.0185 0.0186=0.0003
Catoca 3 10002-2a 2 132 135 103 e | 0.1132=0.0241 0085 =0.0003
10002-2a-3.1 112 108 0a7 18 00570 £ 00016 0.1358 = 0.0060 0.0187+0.0002
c 1 10002-2b3 14 3 021 12 0.1095 = 0.0061 0.0191 =0.0022
10002-2b 4 n 35 023 03 00957 = 0.0046 LiX =0.0009
c N 002-323 14 5 034 2 01212 £ 00065 001840001
- 10002-32.4 28 11 038 04 0. =0.0032 1 0.0167=0.0013
Catoca ] 10002-3b.4 3 7 027 04 3 0.1137=0.0240 00167 = 0.0008
Caoca g 10002 2 2 023 2 . 00211 =0.0011
c 0 1000241 147 1 083 23 0.1X27=0.0182 00184 =0.0003
100024 2 177 184 14 18 00483 =0.0011 0.1014=00158 0.0181=0.0002
- 10 10003-13 43 18 04l o7 1] 00024 0.0587 = 0.0433 00182 =0.0006
10003-14 34 135 044 03 00483 = 0.0027 0.0141=007299 LiX =0.0007
Catoca 11 10004-1a 11 2 021 12 0.1342 = 0.0083 00057 =03502 00184=0.003
c n 10004-1b.1 48 18 038 o7 00722 = 0.0027 0032700413
10004-102 51 18 034 08 00695 = 0.0025 0.0363 = 0.0357
Catoca 13 10004-1c1 2 3 034 01 00740 = 0.0088 0057801341
Catoca 14 10004-32.1 35 2 036 05 0.0860 = 0.0035 0085100711
: 5 10004-3d. 1 50 16 032 08 00697 = 0.0026 0.1190=0.0473
10004-34.2 50 13 03l 0s 00613 = 0.0032 0.0490 = 00506
c 15 10004421 2 7 033 03 00978 = 0.0048 0.0202 = 0.0805 1
1000442 2 12 3 n2e 12 0.1484 = 0.0082 0.1934=02182 L
c 7 100044 1 137 118 0483 30 0111800003 00188 =0.0003
1000440 2 154 a8 057 15 01121 =0.0162 0.0190=10.0003
10006-1.1 197 W 142 32 0111700122 00186 =0.0002
10006-12 il 623 107 47 00083 = 00002
Camca 18 10006-13 184 315 1M 18
10006-1.4 326 63 m 52
100074, o 5 024 03 00407 = 0.0436
‘Catoca L e 30 0H 2 0057400553
36 11 030 08 0.0820=0.0514 1
61 34 056 09 00486 = 0.0020 00492 = 00443 0.0181 =0.0004
Tchimo b -1 36 11 030 08 00937 = 00035 0.0331=00732 00184 = 00006
10005-14 43 13 03l 07 00074 = 0.0034 0132001156 0.0101 =0.0010
Spotamams fllows e 5 s = e mmber 1ud 2 = spot mumbss. Mulipls malyes i m mdvidal pet as balled as yaz
Uncertaintiss ropsted at 1 and are caloulated by ming SQUID 222 08,04 30, rev. 30 Agr 2005

ﬂﬁwwmmmnfwlmﬂn&kmm common Ph, calculated wing the 204Pt

* refes o raicgumic Ph

2]

d 2047

‘Calibeation stamdard §266; U =910 ppox; Age = 559 Ma; 206Ph2380 = 0.090%

Erer in P calibration 1.1% (includod)
Stamdard Fxror in Standard

= alic amalymed wik LATCRME

£ above acrors but required whea comparing dit from Efrent mounts).

d is the weriace blank (6= 0.03770; Ti6: 0.89500; 86 113840)
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Highlights

>The SHRIMP results define a single weighted mean age of 117.9 + 0.7 Ma.

>This U-Pb age is interpreted as the maximum age of the kimberlite eruption at Catoca.

>This event is restricted to the time between the middle of the Aptian and the Albian.
>The U/Th values suggest at least two different sources (depleted, enriched) of zircon.
>The new interpretation will be an important guide in future exploration for diamonds.
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Figure 2
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Figure 3

Chondrite-normalized REE abundance (ppm)

10

5

107

10°

107

Analyses (this study)

—&A— Crystal No. 21 (rim)
—a&— Crystal No. 21 (core)

—&— Crystal No. 22 (rim)
—&— Crystal No. 22 (core)
—@— Crystal No. 19 (core)

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
REE
REE (thisstudy) ... Average REE of zircon from kimberlite from Alto

Average REE trends of zircon from kimberlite
(Belousova et al., 2002)
Average REE trends of zircon from carbonatite
(Belousova et al., 2002)

_ Average REE of zircon from kimberlite from Kaapvaal

Paranaiba Craton (Page et al., 2007)

Craton (Page et al., 2007)

Average REE of zircon from kimberlite from Juina
Craton (Page et al., 2007)

40



Figure 4
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Figure 5
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Figure 6
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Figure 7

1000
- "Pb/™"U ages U ©
- Olzz-lzs Ma MARID 1
i O 120-121 Ma (o))
RO RN
Q 116-117Ma Enriched zircon crystals
0 114115 Ma
100
— N
= I
2 |
&
=
= | ‘ ~—_
poseseeees 2 > MARID 2
10 F E
> C@ Mantle zircon megacrysts
1 ‘\‘* A o —+—"l"_-|”--|-_1-_|--—— 1 1 1 T T T T T |
1 10 100 1000

44



Figure 8
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