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The thermochronology, genetic relationships, and U-Th-Pb history of the deep
crust in the North China Craton, the Tanzanian Craton, and the Mozambique Belt
have been interrogated using the Pb isotopic system in feldspars from lower crustal
xenoliths measured via a novel LA-MC-ICP-MS method developed at the University
of Maryland, College Park.

Individual feldspars analyzed from the lower crust beneath the Tanzanian Cra-
ton show a large spread in Pb isotopic compositions. The spread in isotopic data
reflects radiogenic Pb that accumulated in a closed feldspar system that was below
600°C since 2.4 Ga. The entire suite of feldspar Pb isotopic compositions over-
laps the common Pb measurements from the present day surface of the Tanzanian
Craton. The combined surface and lower crust Pb isotopic compositions indicate
a mantle extraction age of 2.7 Ga. The feldspar thermochronometry of the lower
crust, along with other geochemical data, indicate that the crust of the Tanzanian

Craton was extracted from the mantle ca. 2.7 Ga, in an arc setting, and cooled to a



temperature below 600°C by 2.4 Ga, and has remained undisturbed since that time.

Common Pb isotopic compositions in feldspars analyzed from the surface and
deep crust of the Mozambique belt, which sits adjacent to the Tanzanian Craton
show that common Pb isotopic compositions can be used to determine provenance of
granulite belts at depth. Common Pb modeling of the lower, middle, and upper crust
of the Western Granulites indicate a 2.5x enrichment of U in the upper crust occurred
around the time of mantle extraction ca. 2.7 Ga. Additionally, the 38U /2%/Pb in
the cratonic lower crust underlying the Mozambique Belt increases with distance
away from the surface craton margin. The enrichment of U in the basement away
from the surface margin of the craton, could be the reason that the Mozambique
belt has been continually re-worked since the Archean, while the craton has been
stable.

The Pb isotopic compositions of feldspars analyzed in granulite xenoliths from
two different volcanic provinces in the North China Craton (Hannuoba and Nushan)
reveal that there was a widespread crustal generation event ca. 2.5 Ga, followed by
metamorphism at 1.8 Ga, as well as basaltic underplating ca. 0.15 Ga. The basaltic
underplates show a composition that is a mixture between new basalt and ancient
material. Felsic granulites, were extracted from the mantle ca. 2.9 Ga, and were
emplaced in the crust ca. 1.8 Ga, and re-equilibrated ca. 0.15 Ga. Intermediate
granulites, which were the product of the large 2.5 Ga crustal generation event,
have internal feldspar isochrons of 1.7 Ga, which indicates while the lower crust was
largely overprinted by the Mesozoic underplating, the lower crust was not elevated

above 600°C.
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Chapter 1
Introduction

1.1 Contributions

The text and figures in this chapter were created by J. Bellucci.

1.2 The Continental Crust

The Earth is a unique body in our solar system; when compared to the other
rocky planets, the Earth displays a bi-modal distribution of topography, with the
continental crust "riding high” above the ocean basins. The continental crust com-
prises only 0.6% of the mass of the Earth, but contains roughly 30% of the most
incompatible (during mantle melting) and heat producing elements including Cs,
Rb, K, U, Th, and La (Rudnick and Gao, 2003; Taylor and Mclennan, 1995). The
bulk composition of the continental crust is andesite (Taylor and Mclennan, 1985;
Rudnick and Gao, 2003), but is heterogenous in terms of surface area (laterally),
depth (vertically), and age. The continental crust is home to virtually every rock
type and the world’s oldest rocks, located in the 4.2 Ga Nuvvuagittuq greenstone
belt in northern Canada (O’Neil et al., 2008), and minerals, which are represented
by the 4.4 Ga detrital zircons found in the Jack Hill’s province in Western Australia

(Wilde et al., 2001). The continental crust is also home to some of the world’s



youngest rocks in rift basins and active volcanoes. The oldest rocks and miner-
als in the geologic record are preserved in cratons (from the greek word cratos for
strength). Cratons formed in the Archean from ~ 3.8 - 2.5 Ga and have persisted,
mostly unaltered, through geologic time. Many studies have tried to address the
question of the formation and persistence of cratons, however the answer remains
elusive.

Cratons have many unique properties, including low surface heat flow (~ 40
mW /m?) in comparison to tectonically active areas (> 50 mW/m?), and deep litho-
spheric keels (mantle roots) that can extend to ~150 km depth or more (Carlson
et al., 2005; Nyblade and Pollack, 1993). A potential mechanism to create a low
heat flow region is the mobilization of heat producing elements (HPEs, U, Th, K)
through the crust. A depletion in HPEs in the lower crust, coupled with erosion of
a HPE rich upper crust, and a cold mantle root, would create a low heat flow region
which would have a rigid rheology and therefore, be resistant to deformation (e.g.,
Perry et al., 2006; Sandiford and McLaren, 2002). Accordingly, understanding the
differentiation of the crust, specifically in the lower crust, is necessary to understand
geological processes, as well as continental crust and craton formation through time.

At ~ 40 wt.% of the continental crust, the lower crust is a significant reservoir
for incompatible elements (Rudnick and Fountain, 1995; Rudnick and Gao, 2003).
While the upper crust is readily sampled and analyzed, the inaccessibility of the
lower crust makes its composition more difficult to ascertain. Based on the predicted
temperature and pressure, the lower crust is widely believed to reside in the granulite

facies; and for that reason, granulite facies xenoliths, brought to the surface by alkali



basalts or other volcanism (e.g., kimberlites), are thought to be direct samples of the
lower crust at the time of volcanic eruption (Rudnick, 1992). Lower crustal xenoliths
are predominantly mafic (Rudnick, 1992), and seismic data indicate widespread
mafic lower crust (Christensen and Mooney, 1995; Rudnick, 1992; Rudnick and
Fountain, 1995; Rudnick and Taylor, 1987). Therefore, granulite facies xenoliths
are appropriate for use in determining the composition and thermal history of the
current lower continental crust (Rudnick, 1992; Schmitz and Bowring, 2003).
Studies of lower crustal xenoliths allow the origin, differentiation and thermal
history of the continental crust to be determined (e.g., Wendlandt et al., 1993; Rud-
nick, 1992; Rudnick et al., 1998; Schmitz and Bowring, 2003). Traditionally, several
isotopic systems have been used to quantify and date crust formation and differ-
entiation, most notably Rb-Sr; Sm-Nd; U-Pb; and Pb-Pb. The U-Th-Pb isotopic
system is ideal for studying crustal formation, mixing, and differentiation processes
because it provides precise age constraints, as well as time-integrated histories of
heat producing and incompatible (during mantle melting) elements (Gancarz and

Wasserburg, 1977; Bodet and Scharer, 2001; Kamber et al., 2003).

1.3 The Pb isotopic system

The Pb isotopic system has four isotopes: 2°%Pb, 297Pb, 29Pb, and 2°4Pb, with
abundances of ~50, 25, 25, 1%, respectively. Isotopes 2*Pb, 2"Pb, and 2°Pb are
daughter products of the spontaneous radioactive decay of 23?Th, 2*U, and 23U,

respectively. Isotope 2**Pb is the only non-radiogenic Pb isotope in the Pb isotopic



system. The radioactive decay of 232Th, 235U, and 23®U into their respective daughter

products follow these generalized decay equations:

208Pb — 208Pbi + 232Th % 6)\3‘5—1 (11)
207Pb — 207Pbi + 235U % e/\zt-l (12)
206Pb — 208Pbi + 238U * 6)\1t_1 (13)

where Pb is the total Pb in the system, Pb; is the initial Pb concentration (common
Pb) and \ is the decay constant for each isotope. The X values used for 2*Th(\;3),
25U (\g), and 238U()\;) are 4.9475%10', 9.8485%10'°, 1.55125%10'° (Jaffey et al.,
1971; Le Roux and Glendenin, 1963) respectively, which translate into half lives of
14 Ga, 4.5 Ga, and 0.7 Ga, respectively. Using the decay constant and abundances
of each isotope, an age can be calculated by solving for t. The analytical equipment
used in this study is more suited for measuring ratios than gross abundance of an
individual isotope. Therefore, we look at the above equations ratioed to the invariant

isotope 2°Pb and so they take the following form:

208Pb* 208Pb 232Th

204 pp - 204 Pp + 204 pp,

5 etotd (1.4)

207 pp* 20Tpp 2357 .
204pp, 204y, + 204 pp, *e (1.5)

6yt Wopy WY
204pp 204 pp, + 20app "€ ' (1.6)

As an example, we will use the parent/daughter relationship of ?3*U and 2°°Ph
to calculate an age via an "isochron” (Figure 1.1). Similar diagrams and age cal-

culations can be made for each of the 3 (*3?Th, #8U, and #*°U) decay chains. The



At-1

Slope= e

Solve for t=age

206Pb/204pb

238U/204Pb

Figure 1.1: An isochron diagram for 233U /294Ph vs. 206Pb /204Ph

system is known as ”concordant” if all three ages agree. A concordant system is,
unfortunately, rare due to the variable mobility of each chemical species.

If the U, Th, or Pb in a system has been removed recently, resulting in dis-
cordance, an age can still be calculated by 2"Pb/2%Pb dating. The ratio of 2**U to
2357 is constant at 137.88 (in terrestrial rocks), therefore, the U decay chains can

be divided to remove the concentration of U, resulting in the following equation:

207 pp* 207y
2pb 235 Aot
0ip, — 204py U (e —1)

= k
206 pp* 206 pp, 23877 (e)\lt _ 1)
iﬁIPb jGIPb

(1.7)

which can be simplified to:

207 pp 1 et — 1
(3675~ B8 (55 -
Another way of utilizing the U-Pb decay scheme in high U/Pb minerals is
by combining the two U series in a ”concordia” diagram (Figure 1.2). Measuring
the 2%Pb /23U and 2°"Pb/?3%U ratios in minerals that have abundant U and high
closure temperature (the temperature at which the parent and daughter isotopes do

not diffuse outside of the given mineral, which is a function of grain size, mineral
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Figure 1.2: Standard Concordia Diagram

lattice shape, and diffusion coefficient of a chemical species, after Dodson, 1973),
such as zircon results in a robust age calculation (Figure 1.2).

The main issue with the concordia diagram is if Pb loss has occurred; Pb
loss occurs because it has a lower closure temperature than U, which will create
a discordant age. A way of utilizing the Pb isotopic system, without the difficul-
ties of recent Pb loss or U mobility, is the Pb-Pb isotopic system. The Pb-Pb
system is comprised of two components: common Pb and radiogenic Pb (Pb*).
Common Pb is the Pb present at the last equilibrium/crystallization of a rock and
is preserved in minerals that have a low U/Pb and Th/Pb (which do not accu-
mulate Pb* over time). Typical common Pb minerals are galena (PbS;), other
sulphides, and alkali or plagioclase feldspar (KAlSi3Og - NaAlISi3Og - CaAlySizOyg).
Radiogenic Pb is located in minerals with a moderate to high U/Pb and Th/Pb

which accumulate radiogenic Pb over time. Typical Pb* minerals are monazite



207Pb/204pb

Common Pb

206Pb/204Pb

Figure 1.3: Schematic diagram of Pb-Pb isochron

((REE)PO,), titanite (CaTiSiOs), apatite (Caz(PO4)3(F, Cl, OH)), rutile (TiO,),
garnet (X3Y3(SiO4)3, where X is Ca?™, Mg?*, or Fe?™ and Y is AT, Fe?*, or Cr3™),
allanite ((Ce,Ca,Y,La)o(AlFe™)3(Si04)3(OH)), and zircon (ZrSiO4). Using the two
components of the Pb-Pb isotopic system, an age can be calculated (Figure 1.3),
solving for the slope and utilizing Equation 1.8. The Pb-Pb method was the first
used to calculate the age of the Earth (Patterson, 1956).

The first attempt at creating a common Pb-Pb model for the Earth was under-
taken by Holmes (1946) and Houtermans (1946) to date common Pb (non-radiogenic
Pb) in geological systems. To accomplish this goal, they predicted the Pb isotopic
composition of the Earth as a single reservoir at any point in time, calculating the
initial Earth Pb isotopic composition using 3 Ga galenas. Currently the Holmes-
Houterman model is used with an initial Pb isotopic composition defined by the
Canyon Diablo troilite. The Canyon Diablo troilite is a mineral in an iron meteorite
that contains abundant Pb and no U or Th, and is considered to preserve the initial

Pb isotopic system of the solar system. Using the initial solar system value and any
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Figure 1.4: 27Ph/?%Ph vs. 20Pb /2" Ph growth curves and Geochron projections.

2381J /294PD, the Pb isotopic composition at any point in time can be calculated. The
array of points of the same time, but different 238U /2*"Pb are called ”geochrons”
(Figure 1.4). Common Pb measurements can be used to calculate an age if they lie
on a Geochron. In addition to an age, any point on the Geochron requires a specific
2387 /291Ph. Therefore, using common Pb dating, a model age and 23U /294Pb can
be calculated using Figure 1.4. Similarly, assuming a ?*?Th/?3®U, a model age can
be calculated following Figure 1.5. In addition to providing age constraints, the Pb
isotopic system, in low U/Pb systems, can be used to model the time integrated
U-Th-Pb systematics in the reservoir(s) in which that rock resided (e.g., Bodet and
Scharer, 2001; Bolhar et al., 2007; Gancarz and Wasserburg, 1977; Kamber et al.,
2003; Ludwig and Silver, 1977; Oversby, 1978).

Common Pb ages of igneous rocks are typically inaccurate due to crustal con-

tamination and the presence of radiogenic Pb, which shrouds the true common Pb



0Ga

208 Pb/204 Pb

#2Th/?*y=4.2

206 Pb/204 Pb

Figure 1.5: 2%Pb/24Pb vs. 20Pb/2Pb growth curve assuming a
22T /2381 of 4.2.

isotopic composition (e.g., Holmes, 1946; Houtermans, 1946; Stacey and Kramers,
1975). Common Pb measurements are typically made on leached minerals that
have low U/Pb, where the radiogenic Pb from the system is removed. In silicate
minerals, common Pb measurements are typically made on both plagioclase and
alkali feldspar, which have a low U/Pb value and a relatively low closure tempera-
ture (550-600°C; Cherniak, 1995). The radiogenic Pb housed in feldspar has many
components which have been attributed to U-bearing phases, grain boundary con-
tamination, and exsolution lamellae Frei and Kamber (1995). Leaching feldspars
removes the radiogenic Pb housed in the aforementioned reservoirs and accurate
Pb-Pb ages can be gleaned from the measurement of both the leached common Pb
component and the multiple leachates, implying a U-Th-Pb system closed to iso-
topic dffusion (e.g., Frei and Kamber, 1995; Housh and Bowring, 1991). Specifically,
alkali feldspar is complicated by exsolution phenomena, which create discreet zones
of varying U/Pb and therefore, Pb isotopic compositions. The leaching procedure

targets grain boundary contamination and non-feldspar phases, therefore radiogenic



Pb housed in the feldspar will not be fully leached out, masking the true common Pb
isotopic composition. Radiogenic in-growth of Pb is of specific concern, especially
in old rocks that have time to evolve Pb isotopic compositions, thereby creating a

large spread in Pb isotopic compositions within a single or multiple feldspar grains.

1.3.0.1 Spatial resolution

Advances in in situ analytical techniques, specifically laser ablation induc-
tively coupled plasma mass spectrometry (ICP-MS), have allowed for microanalyses
of discreet zones inside minerals. In particular, discreet zones of Pb isotopic com-
positions inside feldspar can be sampled. Moreover, multiple feldspars, which could
have varying U/Pb, can be analyzed to arrive at a Pb-Pb age and a true common Pb
isotopic composition (Bellucci et al., 2011). Common Pb isotopic compositions can
be used to model the provenance and genetic relationship of crustal and lithospheric
bodies, as well as the time-integrated 233U /2**Pb and 232Th/**U of the crust and
mantle from which that crust was derived (e.g., Bellucci et al., 2011; Bodet and
Scharer, 2001; Gancarz and Wasserburg, 1977; Zartman and Wasserburg, 1969).
Additionally, if a single feldspar crystal has multiple Pb isotopic domains,the rock
in which the grain resided must have remained below the closure temperature of Pb

in feldspar (to prevent diffusive equilibration).

10



1.4 Summary

The focus of this thesis is on quantifying the age, thermal history, and U-Th-
Pb systematics of Archean lower crust, through the analysis of feldspars in lower
crustal xenoliths using LA-MC-ICP-MS. A focus will be placed on understanding
the ancient lower crust beneath the Tanzanian Craton, the Mozambique Belt, and
the North China Craton. In the appendices to this document, a further exploration
of the Pb isotopic system is presented in terms of an archaeological provenance study
and Pb-Pb dating of extraterrestrial materials. In addition to the exploration of the
PD isotopic system, a precise and accurate method to measure mono-isotopes (i.e.,

Rh and Au) via standard addition is presented.

1.5 Thesis Outline

1.5.1 Chapter 2

The analytical method for measuring Pb isotopic compositions in situ is pre-

sented. Accuracy, precision, as well as sample volume are discussed.

1.5.2 Chapter 3

In Chapter 3, the Pb isotopic data from feldspars in lower crustal xenoliths
from the Labait Volcano, which is located on the edge of the Tanzanian Craton, are
presented. Implications for age, thermochronometry, and the U-Th-Pb systematics

in the Archean mantle are discussed.

11



1.5.3 Chapter 4

The Pb isotopic data for feldspars from xenoliths from volcanoes in the Mozam-
bique Belt are presented. Implications for provenance, intra-crustal differentiation,
Pb isotopic growth in the Archean continental crust, as well as implications for

craton stability are discussed.

1.5.4 Chapter 5

The Pb isotopic compositions of feldspars from lower-middle crustal xenoliths
in the North China Craton are presented. Implications for age, crustal growth,
thermochronometry, and U-Th-Pb systematics of the Archean crust and mantle are

discussed.

1.5.5  Chapter 6

This chapter presents general conclusions and a summary of feldpsar ther-

mochronometry, as well as the U-Th-Pb systematics of Archean aged lower.

1.5.6 Appendix A

Appendix A describes the application and results of in situ Pb isotopic mea-

surements to determine the provenance of archaeological samples.

12



1.5.7 Appendix B

Appendix B describes the method for determining accurate 2°7Pb/2°°Pb ages

in a pair of achondrite meteorites.

1.5.8 Appendix C

Appendix C describes the method for determining the absolute concentrations

of two mono-isotopic elements (Rh and Au), in iron meteorites via standard addition.

1.5.9 Appendix D

Appendix D contains all of data tables from the individual samples and their

multiple feldspar analyses from Chapters 3-6.

13



Chapter 2
Analytical Method

2.1 Contributions

J. Bellucci, under the direction of W. McDonough and R. Ash, designed the
analytical procedure, apparatus, and collected all of the data presented. 1. Puchtel
assisted in all solution chemistry. J. Bellucci created all of the text, figures, and
tables.

This chapter was published as the online supplement to:

Bellucci, J. J., McDonough, W. F.; and Rudnick, R. L. (2011). Thermal
history and origin of the Tanzanian Craton from Pb isotope thermochronology of
feldspars from lower crustal xenoliths. Earth and Planetary Science Letters, 301(3-

4):493 501.

2.2 Apparatus

All in situ Pb isotopic analyses were conducted using a Nu Plasma HR MC-
ICP-MS (Belshaw et al., 1998) coupled with a New Wave UP 213 nm frequency
quintupled laser system. All samples were mounted in epoxy or thick (60 pm)
sections. A Cetac Aridus system was used in conjunction with the mass spectrometer

and laser ablation to inject Ny gas into the plasma source. Tuning of the mass-

14



spectrometer was performed using a 20 ng/g Pb solution introduced through the
Aridus (see Table 2.1 for typical Aridus settings). During laser ablation ultra-pure
18 MQ (milli-Q) water was flushed through the Aridus using identical settings as
the tune solution. A schematic diagram of the laser ablation apparatus is located in
Figure 2.1. Various collector assignments and typical operating conditions for the

Nu Plasma, Aridus, and UP-213 are located in Table 2.1.

2.3 Collector Arrangements

2.3.1 Faraday Cups

Isotopes 2%¥Pb, 297Ph, 206Ph, 205T1, and 2°TI were collected in Faraday cups.
Faraday cups can be used for signals >10% counts per second (cps), below which
background noise becomes significant. The ion beam creates a direct current on
the detector, thus the current can be measured precisely as a voltage drop across a
well-calibrated 10! € resistor. An advantage to using Faraday cups is accurately
calibrating the gain between detectors by applying a known potential (~ 10 V) to
each cup’s amplifier. The instrument then applies a correction, based on the voltage
gains or deficiencies through the resistor, to correct for the gain differences between
each cup. A disadvantage to using Faraday cups is that a residual charge can build
up on the large resistor and affect the ability for the cup to accurately report rapidly
changing signals. This affect can be accounted for by modifying the Tau constant
on each cups resistor (Hirata et al., 2003; Paul et al., 2005). The modification of

the Tau constant results in a faster refresh rate for each cup, and therefore, allows

15



the accurate recording of rapidly changing signals.
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2.3.2 Ion Counters

Isotopes 2%4Pb, 22Hg, and 2°°Hg were collected in parallel ion counters. Ion
counters are employed when signal sizes are <10* cps and not >10° cps. Ion counters
employ a pulse counting method. These detectors are ideal for low abundance
isotopes (e.g., 2*Pb, which comprises ~1% of the Pb isotopic composition) and gas
related interferences (e.g., 2*?Hg and 2*°Hg). A significant disadvantage to using the
ion counters is that they cannot be cross-calibrated as easily as the Faraday cups,
and cannot be automatically calibrated with each Faraday cup. In a later section
the gain correction between the ion counters and Faraday cups is discussed (Section

2.7).

2.4 Analytical Concerns

2.4.1 Background

Prior to ablation, an on peak zero was taken for 60s, while the laser was on and
masked with the in line laser shutter to correct for any background Hg and Pb. Any
measurement outside the 30 of the mean of the background signal was removed, and
the average of the remaining signal was subtracted real-time from each succeeding

(0.2s, the integration time) measurement.
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2.4.2 TIsobaric Interferences

The most significant isobaric interference on the Pb isotopic system is the 2%*Hg
interference on 2°4Pb. The isotope 2**Hg is ~ 7% of the total Hg in the system, where
202Hg and 2°°Hg make up ~30% and ~23%, respectively. Hg is ubiquitous in the
analytical equipment, plasma gases, and can be in the sample itself. Here we used
a correction similar to (Kent, 2008a; Paul et al., 2005).

Background corrected signals for masses 204 and 202 and Equation 2.1 (mod-
ified from Paul et al., 2005) were used to strip 2**Hg from the 2*/Pb signal at each
integration period (0.2s) during each analysis. The natural abundance ratio of

201Hg /202Hg is 0.2299 and the mass ratio is 1.0099 (de Laeter et al., 2003).

(204 " )
202
Hg natural (2 1)
OHg .
m204 47,
m202y,

The fractionation factor («) for Hg was determined using the Exponential

204Pbcorrected - (204 — 204background) — (202 - 202backg'round) *

fraction law where the fractionation factor is given by Equation 2.2. The natural
202Hg /20Hg is 1.293 and the mass ratio is 1.0100 (de Laeter et al., 2003).
202,
( 20 Hg)natural

In (202Hg

OéHg 200 Hg measured (22)
20241,
m200 g,

2.5 Analytical Protocols

The Pb isotopic system does not have a non-radiogenic internal isotopic pair

to correct for mass fractionation effects. During Pb solution measurements, T1 was

20



introduced because T1 has been shown to serve as a good proxy for Pb fractionation
(e.g., Baker et al., 2004; Weis et al., 2006; White et al., 2000, and references therein).
During laser ablation analyses, we have attempted to use Tl as an internal standard,
but in most of the samples T1 is not in sufficient abundance to be viable an internal
standard. Instead, we have employed the use of standard-sample bracketing, which
has been shown as a viable method for in situ Pb analysis (e.g., Jochum et al., 2006;
Kent, 2008a; Paul et al., 2005; Simon et al., 2007). Our block analyses consisted of
two standards before and after 3-8 unknowns. For our standard we used SRM NIST
612, which has been well characterized with respect to the Pb isotopic system (Baker
et al., 2004) and has been shown to be homogenous (Kent, 2008b). Furthermore,
NIST 612 has a similar concentration (40 pg/g, Pb) to our samples, to where we

can use similar laser operating conditions with both standards and samples.

2.6 Mass Bias and Gain Calibration

lonization of atoms by the plasma, space charge effects (heavier ions push
lighter ions further out of the ion stream), and isotopic (and elemental) fractionation
at the site of ablation create a mass bias (or mass fractionation) that must be
corrected. While the three aforementioned processes affect the ion stream in different
stages of introduction to the mass spectrometer, we observed the integrated effects
as a single effect. Similar to the Hg fractionation correction, we used the Exponential

law to correct for mass fractionation effects, except we normalized to the external

standard SRM NIST 612 using the 2°Pb/2%Pb value from Baker et al. (2004),
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following Equation 2.3.

208 p,,
206 py,

In (208 pb>
app = 206 measured (23)
208 pp,
m206Pb>

) NIST612

2.7 Gain Calibration

As a positive consequence of using external normalization, using the ap;, cal-
culated from the measured 2°*Pb /2%Pb value and the known values for the other Pb
ratios from Baker et al. (2004), an expected value for the other Pb isotopic ratios
was calculated. Taking the ratio of the calculated to measured values for these ra-
tios yielded a gain correction for the following detectors (masses) Ax(207)-L1(206),
H1(208)-1C0(204), Ax(207)-1C0(204), and L1(206)-1C0(204), following Equation 2.4

(similar to Kent, 2008a; Paul et al., 2005).

2OXPb
76}’Pb

( 20x pp

—>
NISTGlZ,measur ed

) calculated (24)

Using these Gain Corrections, any unknown ratios were calculated from the

measured ratios using Equation 2.5 (similar to Kent, 2008a; Paul et al., 2005).

QObe 20XPb M0z apy
— = || =— GainC t 2.5
<20be) corrected |: (2Dbe) measured ’ <m209 ) :| " amorrecton ( )

Table 2.2 reports the robustness of the gain correction per block and long-term
drift between each Faraday cup and ICO. Although there is drift, it is solely in the
ion-counter and not the Faraday cups or the average Faraday gain correction for the

22



blocks would not be identical. Additionally, it is shown that the Faraday Cup gain is
static through time, after cross-calibrating the Faraday cups before each analytical

section.

2.8 Internal Precision

Internal precision is a measure of the reproducibility of measuring an isotopic
ratio. This precision is largely based on Poissons counting statistics (1/4/n, n being
the number of ions counted). Because this precision is based on the number of ions,
which is finite, one must attempt to optimize ion counting and transport efficiency.
Ton efficiency (as percent) is defined as ((ions counted/total atoms ablated) x 100).
The typical ionization efficiency for the laser-ablation system detailed above was

~0.15%. The measure of internal precision is displayed below in Figure 2.2.
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2.9 FExternal Precision

External precision is the long-term reproducibility of a measured isotopic ratio.
This precision takes into account varying machine-operating conditions, variable
backgrounds, user based errors, sample heterogeneities, etc. The external precision
is usually larger than the internal precision, due to the factors listed above. Along
with the internal precision, external precision is normally improved with a larger
number of ions counted, because isotopic ratios measured with a larger ion current
will be less affected by small variations in signal intensity. Figure 2.3 represents
6 months of analyses of a well characterized standard, BCR2-g (~10 ug/g Pb),
in comparison with the accepted literature value of Paul et al. (2005). Table 2.3
displays the LA-MC-ICPMS values determined for 2 well characterized SRMs (BCR

2-g and NIST 614), the external precision, and the accepted solution values.
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Figure 2.2: 2 s.d.% vs.?%Pb voltage for ratios 2°Pb/?*Pb and
207P /29Ph as a function of Poissons counting statistics.
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19.20 Literature Values for LA-MC-ICPMS

from Paul et al.2005 n=81
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Figure 2.3: 6 months analyses of BCR 2-g, in comparison with the range
seen in previous LA-MC-ICP-MS studies.
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2.10 Reporting of error

The main analytical challenge in measuring Pb isotopic ratios is directly re-
lated to measuring the 2°4Pb signal, because it contributes only 1% of the total Pb
signal and internal precision is determined (generally) by Poisson’s counting statis-
tics. When reporting an individual time-resolved Pb isotopic measurement, in the
20Tph /204Ph vs. 206Ph /294Ph and 208Pb /294Pb vs. 206Ph/29Ph diagrams, the errors
should appear as ellipses with an error correlation coefficient, p. When reporting
an average of multiple feldspar analyses standard error bars of 20,,.., are used,
because it is then a measure of external precision, which is not solely dependent on
the counting statistics of 2°4Pb.

Where p in 27Pb /2%Pb vs. 206Ph/291Ph is given by:

%0274 + %0264 — %007/

- 2.6
P1/4-6/4 2+ Geormys % oo (2.6)
And p in 2%Pb/2%Ph vs. 206Ph/2%Ph is given by:
%02 4+ %02 4 — %0'2
Psja—oys = Y 2l (2.7)
2 % %(78/4 * %06/4
Where %o is given by:
0208 p,
204 py,
%08/4 = %PP: (28)
201pp
204 py,
%0'7/4 = —207P1;)b (29)
204 py

29



o064 = 206 py, (2.10)

0207 pp

%0'7/6 = 207—Pb (211)
206 pp,

0208 py,

_ 2UBF’IJ
%08/6 = 208 py, (212)

206 pyp,

2.11 Comparison with Literature

Several workers have also attempted to measure in situ Pb isotopic compo-
sitions via LA-MC-ICPMS using parallel Faraday cups and ion counters; primarily
Kent (2008b) and Paul et al. (2005). Table 2.4 below displays the accuracy (as
shown in Equation 2.6), precision, spot size, and total current for each groups LA-

MC-ICP-MS measurements.

[(20XPb> (20be> }
20y pp, — \ 20y pp,
Uy pb standard Uy pb measured

20x pp
20y py

Accuracy = 100 * (2.13)

> standard
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2.12  Trace element analyses

Trace element analyses were performed in situ using a New Wave UP:213
coupled with a ThermoFinnigan Element 2 single collector ICP-MS. The instrument
settings are available in Table 2.5. Prior to analysis the Element 2 was tuned for
maximum sensitivity on #3Ca and #*?Th, while minimizing #**ThO. Background
counts were determined for 30 s with the laser on and shuttered. Analyses were
conducted in low mass resolution with 10 ms dwell times. Concentrations were
determined using external standard NIST 612 and normalizing all concentrations to
CaO using the Lamtrace Lotus 123 macro (Achterbergh et al., 2001). Calcium oxide
concentrations were externally determined with the JXA-8900 SuperProbe electron

probe microanalyzer at the University of Maryland.

2.13  Solution Measurements: Dissolution and Column Chemistry

Powdered samples were weighed in quantities of 70-80 mg in a teflon beaker.
Powders were cleaned with ethanol in an ultrasonic bath for 2-3 minutes followed
by a similar bath in milli-Q water for 2-3 minutes. Samples were then decanted
and dried down. The samples were dissolved in a solution of 1 mL concentrated HF
and 1 mL concentrated HNOj3, then heated on a hot plate at 140°C for ~12 hrs.
The sample solutions were dried down and this procedure was repeated 3x. After
the third dry down, 0.5 mL concentrated HBr was added to the residue. The HBr
loaded samples were allowed to equilibrate for 8 hrs, and then dried down. Following

dry down, the samples were re-dissolved in 0.6 N HBr.
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Table 2.5. Typical operating conditions for in situ trace element analyses

Mass spectrometer

Instrumentation

Forward power
HV

Cones

Cool gas flow

Auxiliary gas flow
Sampler cone

Skimmer cone

Scan Optimization
Guard Electrode

Mass resolution (M/DM)
Samples per peak
Scan Type

Laser
Instrumentation:

Sample Gas Gas
He gas flow

Spot Diameter
Pulse Frequency
Pulse Energy

Thermo Finnigan Element-2

1250 W
10 kV

Ni-alloy

16 Lmin !

1.5L mint

1.0 mm diameter
0.4 mm diameter
Speed

Disabled

300

1

Escan

New Wave UP 213 213 nm
frequency quintupled Nd-
Yag

0.7 Lmint
1.1 L min?

40 ym
7 hz
4.5Jcm 2

Ion exchange columns loaded with Biorad AG50W-X8 resin were cleaned 2x
using 6N HCI and 1x using milli-QQ water. The ion exchange columns were condi-
tioned with 0.5 ml 0.6N HBr. Following column conditioning, samples were loaded
onto the exchange resin. After sample loading, the column was washed twice using
0.5 mL 0.6N HBr. The Pb was then eluted using 0.7 mL 6N HCI. This solution was
then dried down for ~12 hrs. The purified Pb was then re-dissolved in 2% HNOj3

and T1 was added in a 2:5 TL:Pb ratio for mass bias correction.

2.13.1 Lab blank

The procedural lab blank was determined by re-dissolving the dried blank

in 2.5 ml of 2% HNOs. To determine the concentration of Pb in the lab blank, a
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Figure 2.4: A comparison of solution MC-ICPMS analyses with LA-MC-
ICPMS analyses of LB2, a melilite from the Labait volcano, Tanzania.
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Figure 2.5: Calculation of lab blank

series of 5 solutions with known concentrations of Pb ranging from 50 pg/g-450 pg/g
were created in 50 pg/g increments. Each standard solution was measured and a
concentration vs. cps line was created from those analyses. Our blank solution was
then analyzed. Using the calibration line, the concentration in the blank solution
was determined to be 130 pg/g which results in a lab blank of ~ 330 pg (Figure

2.5).

2.14 Time Resolved Spectra

Figure 2.6 is a time resolved spectra from a line analysis across an anti-perthite
with an apatite inclusion from sample LB04-87. The isotopic composition of both
the plagioclase and apatite from sample LB04-87. Each isotope signal/ratio is on a
different scale, which are meant to highlight the variation in 2°Pb/?**Pb, which for

this sample ranges from 15.5-30 from feldspar to apatite.
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Figure 2.6: A time resolved analysis of a feldspar and an apatite inclu-
sion. Each isotope is reported in volts. Note: the scales for each isotope
and ratio are different to illustrate variability in each signal/ratio.
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Chapter 3
Thermal history and origin of the Tanzanian Craton from Pb isotope
thermochronology of feldspars from lower crustal xenoliths

3.1 Contributions

J. Bellucci collected all of the data presented here. P. Piccoli aided in any
microprobe work. All three authors contributed to the interpretation of the data.
J. Bellucci created all of the figures (except the geological map), tables, and text.
M. Blondes created the geological map.

This chapter has been published in Earth and Planetary Science Letters with
the citation:

Bellucci, J. J., McDonough, W. F., and Rudnick, R. L. (2011). Thermal
history and origin of the Tanzanian Craton from Pb isotope thermochronology of
feldspars from lower crustal xenoliths. Earth and Planetary Science Letters, 301(3-

4):493 501.

3.2 Abstract

Common and radiogenic Pb isotopic compositions of plagioclase and anti-
perthitic feldspars from granulite-facies lower crustal xenoliths from the Labait Vol-

cano on the eastern margin of the Tanzanian Craton have been measured via laser
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ablation MC-ICP-MS. Common Pb in plagioclase and a single stage Pb evolution
model indicate that the lower crust of the Tanzanian Craton was extracted from
mantle having a ?3U/?Pb of 8.1 £+ 0.3 and a #?Th/?*U of 4.3 + 0.1 at 2.71+
0.09 Ga (all uncertainties are 20). Since 2.4 Ga, some orthoclase domains within
anti-perthites have evolved with a maximum 23U /?**Pb of 6 and #*Th /23U of 4.3.
The spread in Pb isotopic composition in the anti-perthitic feldspars yields single
crystal Pb-Pb isochrons of ~ 2.4 Ga, within uncertainty of U-Pb zircon ages from
the same sample suite. The Pb isotopic heterogeneities imply that these granulites
resided at temperatures <600°C in the lower crust of the Tanzanian Craton from
ca. 2.4 Ga to the present. In concert with the chemistry of surface samples, mantle
xenoliths, and lower crustal xenoliths, our data imply that the cratonic lithosphere
in Tanzania formed ca. ~2.7 Ga, in a convergent margin setting, and has remained

undisturbed since 2.7 Ga.

3.3 Introduction

Insights into the origin of the lithosphere and its thermal history can be gained
through the study of deep-seated xenoliths carried in basalts and kimberlites (e.g.,
Carlson et al., 2005; Rudnick, 1992; Rudnick et al., 1998; Schmitz and Bowring,
2003; and references therein). In particular, Pb isotope studies of lower crustal
xenoliths can provide insights into the age, composition, cooling history and origin
of the lower crust (e.g., Bolhar et al., 2007; Rudnick and Goldstein, 1990; Schmitz

and Bowring, 2003).
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The oldest pieces of the Earths crust, and therefore, any evidence for early
Earth processes, are located in stable lithospheric blocks defined as cratons. Cratons
formed in the Archean and have persisted through geologic time. Despite numerous
geochemical and geophysical studies, however, debate continues regarding the origin
of cratonic lithosphere and the reasons for its longevity. A defining characteristic
of cratons is low surface heat flow (~40 mW /m?) compared to crust that has been
tectonically active since the Archean (>50 mW/m?) (Nyblade and Pollack, 1993).
Cratonic geotherms can be modeled as functions of surface heat flow, conductive
heating from the mantle and the distribution of heat producing elements (K, Th, and
U) through the lithosphere (e.g., Chapman and Pollack, 1977; Rudnick et al., 1998).
A more direct approach to defining cratonic geotherms is through the application
of experimentally calibrated geothermometers and geobarometers to the minerals
of mantle xenoliths (e.g., Boyd, 1973; Rudnick and Nyblade, 1999). However, this
approach fails to capture the time-dependent cooling of cratons and relies upon
the assumption that the conditions recorded in the xenoliths reflect equilibration to
present-day conditions (e.g., Michuat et al., 2007; Rudnick et al., 1998).

Temporal constraints on the formation of cratonic geotherms, which corre-
spond to lower crustal temperatures of 400-500°C (Chapman and Pollack, 1977;
Rudnick et al., 1998), can be determined through the use of radiogenic isotopic
systems with different closure temperatures applied to minerals from lower crustal
xenoliths (Schmitz and Bowring, 2003). For example, U-Pb thermochronology of
accessory phases (e.g., apatite, monazite, zircon, rutile) from lower crustal xenoliths
of the Kaapvaal Craton indicate a slow cooling rate of 1°C/Ma for the lower crust
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of that craton followed by thermal perturbations in the Proterozoic and Mesozoic
(Schmitz and Bowring, 2003).

In addition to insights into thermal history, the Pb isotopic composition of
xenoliths can be used to determine the time-integrated U/Pb and Th/Pb composi-
tion of the lower crust. If the common Pb isotopic composition of a rock lies on a
geochron with identical age as the sample suite, then the Pb isotopic composition
and, therefore, the 233U /294Ph, 232Th/?29Ph, and 2*Th/*8U of the mantle source
from which the crust derives may also be inferred (e.g., Bolhar et al., 2007; Méller

et al., 1998; Rudnick and Goldstein, 1990).

3.4 Pb isotope systematics of feldspars

The Pb isotopic composition of a rock or mineral is composed of two com-
ponents: common Pb (initial Pb inherited from the source rock) and radiogenic
Pb (Pb*: Pb that is produced in the rock or mineral due to in situ radioactive
decay of U and Th). Common Pb dominates in minerals having low 233U /21Ph
and ?*2Th/?*'Pb and, thus, these minerals may record the Pb isotopic composition
at the time of a rocks last equilibration, assuming the mineral has subsequently re-
mained closed to Pb diffusion (e.g., Oversby, 1975; Zartman and Wasserburg, 1969).
Common Pb can, therefore, be used to determine provenance (e.g., comparison of
thorogenic Pb and uranogenic Pb in common Pb minerals can be used to distinguish
different crustal domains, (e.g., Moller et al., 1998), estimate the age of the rocks

last isotopic equilibration, and model the 233U /294Ph, 232Th /201Pb, and #*Th/*%U
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of the previous reservoir in which the Pb resided (e.g., Holmes, 1946; Houtermans,
1946; Stacey and Kramers, 1975).

If the rock in which the common Pb minerals are present is a mantle deriva-
tive, then common Pb should reflect the 233U /2%4Pb, 232Th/2**Pb, and ?*Th/?3%U
of the mantle from which the rocks were derived, so long as there is no evidence
for crustal contamination, mixing, or re-equlibration between minerals after initial
cooling (e.g., Bolhar et al., 2007; Kamber et al., 2003; Moller et al., 1998). Oceanic
basalts derive from the mantle but, due to recycling of oceanic crust at subduc-
tion zones, do not record mantle composition before ~180 Ma. In contrast, many
continental basalts are contaminated by continental lithosphere (e.g., Farmer, 2003,
and references therein) and may not be faithful recorders of the composition of the
sublithospheric mantle, particularly for Pb, which is typically in low abundance in
basalts (Farmer, 2003). Determining the 28U /294Ph, 232Th /294Ph, and 2%2Th/?3%U
ratios in older mantle derivatives is important for tracking the changes in the man-
tle that have occurred through time, such as the apparent decrease in the Th/U
from ~4 to ~2 from the Archean mantle to the modern mantle (e.g., Zartman and
Haines, 1988; Zartman and Richardson, 2005, and references therein). For this rea-
son, studies of underplated basalts (which are common in granulite-facies xenolith
suites, (e.g., Rudnick, 1992) may provide important information about the mantle
composition through time.

Radiogenic Pb, which occurs in minerals with moderate to large 23U /2%Ph
and 232Th/?%1Ph, can be used to constrain ages, either through U-Pb concordia
(for minerals having little common Pb such as monazite, titanite, zircon, apatite,
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rutile), or, if there is a spread in the Pb isotopic composition, a Pb-Pb isochron.
Traditionally, feldspars (both plagioclase and alkali feldspar) have been used to de-
fine the initial Pb isotopic composition of a rock (e.g., Frei et al., 1997; Ludwig
and Silver, 1977; Oversby, 1978; Zartman and Wasserburg, 1969). However, some
alkali feldspars contain appreciable U and, in these feldspars, Pb produced by ra-
diogenic in-growth can be a significant component of the Pb isotopic composition,
complicating its use as a strictly common Pb mineral (e.g., Housh and Bowring,
1991).

The Pb isotopic composition of a feldspar can be a mixture of several reservoirs
with varying 23U /?Pb. These reservoirs include common Pb, U-bearing micro-
inclusions, and U-bearing exsolution lamellae (Frei and Kamber, 1995; Frei et al.,
1997; Housh and Bowring, 1991). The U concentration of feldspars is correlated
with the presence of an alkali component (Smith and Brown, 1988). Therefore,
alkali or exsolved feldspars generally contain at least two of the aforementioned
domains: a low 23U /2%Pb region retaining common Pb and a higher 23U /2%4Ph
region with more radiogenic Pb. Traditionally, step-wise leaching is used to gain
access to the various Pb reservoirs in feldspars, as well as other silicate minerals,
in order to construct accurate Pb-Pb isochrons (Frei and Kamber, 1995; Frei et al.,
1997; Housh and Bowring, 1991).

The closure temperature (Tc) for Pb diffusion in both orthoclase and andesine
(the main feldspar compositions in this study) is calculated to be 600°C using the
methods of Dodson (1973), Pb diffusion coefficients from Cherniak (1995), assuming
a spherical geometry, a grain radius of 1 mm and a cooling rate of 1°C/Ma (similar to
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the lower crust of the Kaapvaal Craton of Schmitz and Bowring (2003)). If distinct
Pb isotopic domains reside in a single feldspar crystal, the temperature must have
been below 600°C. Furthermore, these different domains should produce a Pb-Pb or
U-Pb isochron that yields the time at which the feldspars cooled below the closure
temperature.

Here we show that in situ Pb isotopic measurements of feldspars by laser
ablation multi-collector inductively coupled plasma mass spectrometry (LA-MC-
ICP-MS) provides the spatial resolution in individual heterogeneous feldspars that
is needed to construct Pb-Pb isochrons. We apply this method to lower crustal xeno-
liths carried in recent alkali basalts erupted on the margin of the Tanzanian Craton
in order to elucidate the thermal history of cratonic lower crust and characterize the

Pb isotopic composition of its mantle source.

3.5 Geologic Setting

The Tanzanian Craton comprises Archean terrains that amalgamated ca. 2.6
Ga (Maboko, 2000; Manya et al., 2006) (Figure 3.1). The exposed surface of the Tan-
zanian Craton is comprised of tonalites, trondhjemite, and granodiorites (TTGs),
gneisses, and greenstone belts (Schulter, 1997), all of which have Archean Nd model
ages and U-Pb zircon ages of ~3.0 Ga and 2.6 Ga, respectively (Maboko, 2000;
Manya et al., 2006; Moller et al., 1998). Both geophysical and xenolith evidence
indicate that the Tanzanian Craton has a stable, deep lithospheric keel (Chesley

et al., 1999; Lee and Rudnick, 1999; Ritsema et al., 1998). The lithosphere of the
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Tanzanian Craton is characterized by low surface heat flow (34 £ 4 mW/m?) (Ny-
blade et al., 1990) and high seismic velocities in the mantle to a depth of 150 £ 20

km (Weerarante et al., 2003).

Tanzanian
Craton

Figure 3.1: Simplified geologic map of northern Tanzania (modified after
Cutten et al., 2006 and Fritz et al., 2009). W.G.: Western granulites;
E.G.C.: Eastern granulite cover, E.G.B.: Eastern granulite basement;
G.T.: Galena Terrane. Map created by M. Blondes.

To the east of the Tanzanian Craton lies the Western Granulite section of
the Mozambique belt (Figure 3.1) and to the southeast lies the Usagaran Belt.
The Mozambique Belt formed in a Himalayan-scale orogeny (Fritz et al., 2009) and
marks the suture between east and west Gondwana (Cutten et al., 2006; Fritz et al.,

2009). The western granulites have Archean Nd model ages (Moller et al., 1998) and
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U-Pb zircon ages of 2.6-2.8 Ga (Johnson et al., 2003) and were metamorphosed to
granulite facies in the Archean, 50-100 Ma after their emplacement into a continental
arc (Johnson et al., 2003). Subsequently, the Western Granulites were then reworked
during the Pan-African Orogeny ca. 560 Ma (Cutten et al., 2006; Blondes et al.,
2011). The southeastern Tanzanian Craton was the overriding plate of a subduction
zone ca. 2.0 Ga resulting in the Usagaran mountain belt and suture (e.g., Collins
et al., 2004; Moller et al., 1995). There is no evidence for a 2.0 Ga event in northern
Tanzania (Blondes et al., 2011; Cutten et al., 2006; Fritz et al., 2009; Johnson et al.,
2003; Mansur et al., 2011).

The East-African Rift (EAR) surrounds the Tanzanian Craton, forming the
eastern (Gregory) and western (Lake Albert) branches, which first developed at
ca. 30-50 Ma, with volcanism continuing today (Dawson, 1992; Nyblade and Bra-
zier, 2002). The Labait Volcano lies on the eastern edge of the Tanzanian Craton
(4°34°13.768S, 35°26’1.60E), where the rift splays into a wide region of extension and
volcanism. Labait erupted tuff and olivine melilitite carrying a wide array of man-
tle and crustal xenoliths at ~ 400 Ka (Dawson et al., 1997; Rudnick et al., 1999).
Mantle peridotite xenoliths from Labait yield pressure-temperature (P-T) estimates
that scatter about a 50 mW /m? geotherm and indicate derivation depths of 50-150
km (Lee and Rudnick, 1999). Rhenium depletion Os isotope model ages for the
mantle xenoliths range up to 2.8 Ga (Burton et al., 2000; Chesley et al., 1999).
Some mantle peridotites from the Labait volcano have experienced overprinting and
heating by rift magmas (Aulbach et al., 2008; Chesley et al., 1999; Lee and Rudnick,
1999; Rudnick et al., 1999), but the extent to which the rift has affected the lower

45



crust of the Tanzanian Craton is unknown.

3.6 Samples

Petrographic, mineral chemistry, whole rock major and trace element geo-
chemistry, Rb-Sr and Sm-Nd isotopic data, as well as some U-Pb zircon ages for
the Labait granulite xenoliths are presented in Mansur et al. (2011). U-Pb anal-
yses of zircon and accessory phases from these samples are presented in Blondes
et al. (2011). The xenoliths for this study fall into five different groups, based
on major mineralogy and trace element chemistry: two pyroxene granulites (n=7),
garnet orthopyroxene granulites (n=2), two pyroxene hornblende granulites (n=2),
and anorthosite (n=1), all of which derive from the lower crust (Mansur et al.,
2011). In addition, we studied a xenolithic two-mica granite (n=1). Plagioclase
and/or anti-perthite (orthoclase exsolved from albite) from eleven granulite-facies
xenoliths, spanning all varieties, were analyzed here, as well as anti-perthite from
the granite xenolith. Table 3.1 lists the major mineralogy of these samples.

The Labait xenoliths, like most other granulite-facies lower crustal xenoliths,
have mafic compositions with <54 wt.% SiOy (Mansur et al., 2011). They are
enriched in light rare-earth elements (REE), have negative Ti and Nb anomalies,
and have high La/Nb ratios (between 1.3-7.1), all of which suggest formation as a
crystallized basaltic melt in an arc setting (Mansur et al., 2011). Additionally, these
samples show striking depletions in Rb, Cs, Th and U, which has been interpreted to

have occurred during granulite facies metamorphism (Mansur et al., 2011). Based
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Table 3.1. Samples and Major Mineralogy

Sample # Rock Type Major Mineralogy

LB04-09 2 Px Gran Plagioclase Orthopyroxene, Clinopyroxene
LB04-19 2 Px Gran Anti-perthite, Orthopyroxene, Clinopyroxene
LB04-38 2 Px Gran Plagioclase, Orthopyroxene, Clinopyroxene
LB04-43 2 Px Gran Plagioclase, Orthopyroxene, Clinopyroxene
LB04-50 2 Px Gran Anti-perthite, Orthopyroxene, Garnet

LB04-65 2 Px Gran Anti-perthite, Orthopyroxene, Clinopyroxene
LB04-87 Granite Anti-perthite, Orthoclase, Quartz, Biotite, Muscovite
LB04-48 2 Px Hbl Gran Plagioclase, Clinopyroxene, Orthopyroxene, Hornblende
LB04-27 Anorthosite Plagioclase, Garnet, Orthopyroxene

LB04-39 Gt Opx Gran  Plagioclase, Orthopyroxene, Garnet

LB04-91 Gt Opx Gran  Anti-perthite, Orthopyroxene, Garnet

Gran: Granulite, Px: Pyroxene, Gt: Garnet, Hbl: Hornblende, Bt: Biotite, Opx: Orthopyroxene

on two-pyroxene Fe-Mg exchange thermobarometry, the Labait xenoliths record a
broad range of equilibration temperatures from 480°to 850°C, with most <670°C
(assuming a pressure of equilibration of 1 GPa or 33 km depth) (Mansur et al.,
2011). The equilibration conditions for these xenoliths are similar to those of the
felsic granulites found in the Western Granulite belt (Johnson et al., 2003). One
sample, LB04-87, is a granite, which is distinct in both mineralogy and texture
(Table 1), and likely derived from the shallow crust. Importantly, no radiogenic
Pb is observed in mineral separates of apatite (closure temperature ~450°C for
100 pm crystals cooled at 2°C/Ma, Cherniak et al., 1991) from the granulite-facies
xenoliths, demonstrating their derivation from the present-day lower crust, where
the temperature must have exceeded 450°C (Blondes et al., 2011). U-Pb zircon ages
and Nd model ages for these samples, 2.643 + 0.002 Ga and 2.9-3.8 Ga, respectively
(Mansur et al., 2011; Blondes et al., 2011); mark their formation during the Archean.
These ages coincide with the timing of greenstone belt volcanism in the northern

part of the Tanzanian Craton (Manya et al., 2006) and overlap the 3.0-3.1 Ga Nd
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model ages from surface samples from the Tanzanian Craton (Moller et al., 1998).

Feldspars from the Labait xenoliths consist of both plagioclase and anti-
perthite. The plagioclase composition is Anszs_55Absr_40r¢_g, while the ortho-
clase, in anti-perthite, has a composition of An;_3Ab7_230r73_9; (Mansur et al.,
2011). One sample, LB04-27, is an anorthosite having plagioclase with a bytown-
ite composition (Angz_ggAbii_12) (Mansur et al., 2011). All orthoclase observed in
these samples are part of the anti-perthite, and therefore, any analyses performed

on orthoclase were performed in the same time-resolved analyses as the plagioclase.

3.7 Analytical Methods

3.7.1 Pb isotopic measurements

Samples were prepared either as polished rock slabs mounted in epoxy or 50-60
pm polished thick sections. The Pb isotopic compositions were determined in situ
via LA-MC- ICP-MS using a frequency-quintupled solid-state Nd:YAG laser system
(213 nm wavelength) and a Nu Plasma MC-ICP-MS (following Kent, 2008a,b; Paul
et al., 2005). Full analytical details are provided in the Chapter 2 and a brief
overview is given below.

Ton beams of ?®Hg, 2*?Hg, and ***Pb/Hg were monitored using parallel ion
counters, whereas isotopes 2°'Hg, 2°6Pb, 2°"Pb, and 2"*Pb were detected simultane-
ously as ion currents in parallel Faraday cups equipped with 10! € resistors. In
order to correct for the isobaric interference of 2**Hg on 2%1Pb, 2°Hg /2?Hg was mon-

itored to allow subtraction of a fractionation-corrected abundance of 2*Hg. The Hg
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fractionation factor was calculated using the exponential law and assuming natural
isotopic abundances (de Laeter et al., 2003). The Hg fractionation factor was then
applied to the 2**Hg/?*?Hg ratio and subsequently the °‘Hg signal was stripped
from the 2**Pb signal. The contribution of ?**Hg on the 2*4Pb signal was typically
< 0.7 %. Backgrounds were measured on-peak for 60s prior to ablation with the
laser on and shuttered. The average of each signals background was subtracted in
real time from each individual measurement collected at intervals of 0.2s using the
Nu Plasma time resolved software. For accurate isotopic measurements, two cor-
rections must be applied to the background-corrected data: 1) mass fractionation
corrections and 2) ion counter-Faraday cup gain corrections. Mass fractionation
effects are corrected using standard sample bracketing using SRM NIST 612 as the
reference standard and calculating the fractionation factor of 2°Pb /2%Pb using the
exponential fractionation law. Using the fractionation factor from 2°*Pb/2%Pb, an
expected 2®*Pb/?Pb (x=8, 7, or 6) can be calculated. Discrepancies between the
Faraday cup and ion counter gains can be corrected by using the ratio between the
measured and calculated 2%*Pb/?**Pb values of SRM 612 (Baker et al., 2004).
While the analytical precision using this method is largely dependent on the
Pb concentration in the sample, which can range between 10-20 ug/g, repeat mea-
surements (n=85) over a several month period of the basaltic glass standard BCR
2-g, which contains ~10 ug/g Pb, yielded accuracies of <4-0.1% for 2**Pb /2%Pb and
an external reproducibility of <40.5% for 2**Pb/?**Pb. A detailed discussion re-
garding the accuracy and precision of this developed method, are located in Chapter

2.
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3.7.2 U-Pb

The U-Pb ratio in a feldspar from one sample (LB04-91) was measured by
LA-ICP-MS utilizing the same laser ablation system described above coupled to a
ThermoFinnigan Element 2 ICP-MS. Ten spots, 40 um in diameter, were analyzed
along a Pb-isotope laser ablation track (Figure 3.5). Further details of the analytical

conditions and results are given in the supplementary materials.

3.7.3 Backscatter electron imaging

Backscatter electron images were taken using a JEOL JXA-8900 SuperProbe.

Photos were taken in beam scan mode with an accelerating voltage of 15 kV.

3.7.4 Solution Analyses

The Pb isotopic composition of the host basalt was analyzed by both solution
MC-ICPMS and LA-MC-ICPMS. The solution measurements were performed using
parallel Faraday cups. Pb was purified from dissolved rock using standard HBr
anion chromatography. Mass fractionation was accounted for using the exponential
fractionation law through the addition of T1 (e.g., Baker et al., 2004). The lab
blank was measured to be ~ 330 pg, which corresponds to a sample/blank ratio of
~103. The results are within uncertainty (< 0.2% ) of the LA-MC-ICPMS. This
uncertainty is similar to that obtained for measurements of standard materials. Data

are provided in Chapter 2.
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3.8 Results

The Labait host melilitite has a Pb isotopic composition similar to that of
other rift basalts from Northern Tanzania (e.g., Paslick et al., 1995); Figure 3.2.

The Pb isotopic composition of plagioclase and anti-perthite from the Labait
lower crustal xenoliths (n=137) are presented in Figure 3.3 (data tables are located in
Appendix 1). Anti-perthites in six samples (four two-pyroxene granulites L.B04-19,
LB04-50, LB04-82, one gt-opx granulite, LB04- 91 and the granite, LB04-87) display
a significant spread in Pb isotopic values. Plagioclase in a further six samples (which
include specimens from all four groups of granulites) show no significant spread in
their Pb isotopic compositions (all analyses are within analytical uncertainty of each
other) and all, except that from the anorthosite, have non-radiogenic compositions
that plot near the 2.7 Ga Geochron (Figure 3.3). By contrast, the anorthosite
plagioclase has relatively radiogenic Pb that plots near the present-day geochron.
During the analysis of plagioclase from the granite, LB04-87, inclusions of very
radiogenic Pb (?°Ph/?*Pb ~28) were intersected, as reflected in the time resolved
spectra. We assume these inclusions are apatite, which is present in the backscatter
electron images of LB04-87 (Figure 3.4). A figure of the time resolved spectra from
this analysis is located in Chapter 2.

Isochrons were calculated using the program Isoplot (Ludwig, 2003) for each
anti-perthite grain, multiple feldspar grains (multiple feldspar) within a given sam-
ple, and for each group of samples: 2 px granulites, gt-opx granulites, hbl gran-

ulites and the granite (Table 3.2, Figures 3.3 and 3.6). Figure 3.3 illustrates single
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Figure 3.2: Pb isotopic data for LB2 melilite and other Tanzanian rift
basalts of Paslick et al. (1995).
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Figure 3.3: Pb isotopic data for feldspars in lower crustal xenoliths from
the Tanzanian Craton. The data lie along a 2.71 Ga isochron, shown for
reference (calculated with Isoplot, Ludwig (2003)), which is an age that
is identical to the average of all other isochrons from individual samples
suites (Table 2). A single-stage Pb evolution model from primordial
Pb (Chen and Wasserburg, 1983) is illustrated for a 23¥U/?%Pb of 8.1
and #2Th/?3U of 4.3. Evolution of 2®Pb/?"Ph and 2°Pb/?*Pb at
232Th /%80 of 2 and 3.6 are shown as fractionation of Th from U after
extraction from a crustal source having 2*2Th/?**U of 4.3 formed at 2.71
Ga. Error ellipses represent 20,4, 0f each analysis.
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crystal (£ inclusions) isochrons for gt-opx granulite LB04-91 and granite LB04-
87. The isochron for sample LB04-91 is defined by a combination of plagioclase
and orthoclase zones in a single crystal of anti-perthite. The isochron for sample
LB04-87 is defined by both anti-perthite and an apatite inclusion. All isochrons
are Archean. The average age of the individual anti-perthites is ~ 2.4 Ga, while
multiple phase/sample suite isochron ages average ~ 2.7 Ga (Table 3.2), which is
coincident with the U-Pb zircon ages from the Labait xenoliths from Mansur et al.
(2011), and Blondes et al. (2011).

The Pb isotopic composition of the Labait feldspars, even with radiogenic in-
growth, plot to the left of the present-day geochron. The data form a linear array
stretching between the present-day geochron and the 2.71 Ga geochron. The trend
seen in the 2 px granulite LB04-38 is a mass fractionation trend and the data points

are indistinguishable within analytical uncertainty.

3.9 Discussion

3.9.1 Origin of the linear trends

Linear trends in isotopic data can either reflect mixing between two isotopically
distinct components or result from the in-growth of the radiogenic daughter product.
Only the latter has any age significance.

One possible source of radiogenic Pb that may have been mixed into the xeno-
liths is the host lava. Figure 3.5 shows a mixing trajectory between the least ra-

diogenic plagioclases (~20 pug/g Pb, from samples LB04-48 and L.B04-38) and the
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Figure 3.4: Top Left: Backscatter electron image of plagioclase/anti-
perthite from sample LB04-91 with corresponding single crystal anti-
perthite isochron, shown with laser tracks and laser ablation pits. The
multiple data points (top right) are from discrete regions in the feldspar
revealed in the time-resolved spectra of the ablation lines. Bottom
Left: Backscatter electron image of plagioclase, anti-perthite, and ap-
atite inclusions from granite LB04-87 and corresponding isochron (bot-
tom right). The backscatter electron images were taken using a JEOL
JXA-8900 SuperProbe. Photos were taken in beam scan mode with an
accelerating voltage of 15 kV.
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Labait melilitite (~8 ug/g). Many of the feldspar analyses plot beyond analytical
uncertainty of this mixing line, although some overlap it. To achieve this range
in Pb isotopic compositions via host basalt mixing, up to ~ 80% of the Pb in the
most radiogenic samples must have originated from the basalt. This level of mixing
is untenable on two accounts. First, the whole-rock Nd isotopic compositions and
trace element compositions of the samples do not record any such mixing (Mansur
et al., 2011). Second, in order for Pb from the basalt to enter the feldspars, the
samples would need to be heated above 600°C (Tc for Pb in feldspar) during the
xenoliths entrainment within the basalt. Such heating is precluded on the basis of
U-Pb thermochronology of titanite (Tc >550°C) and apatite (Tc>450°C) from lower
crustal xenoliths hosted in a similar alkali basalt from a near-by locality (Lashaine,
Blondes et al., 2011). Apatite in these samples was open to Pb diffusion at the time
of eruption, like those in the Labait xenoliths, but titanite records concordant Pa-
leozoic 2°°Pb /238U ages, reflecting slow cooling following the Pan-African Orogeny.
Collectively, these results indicate that the samples remained above apatite closure
temperature but below titanite (and feldspar) closure temperature for hundreds of
millions of years more than two orders of magnitude longer than the duration of rift
volcanism in northern Tanzania. Similar results were obtained for kimberlite-hosted
lower crustal xenoliths from the Kaapvaal Craton (Schmitz and Bowring, 2003). We
conclude that mixing with the host basalt did not generate the linear correlation
seen in the plot of 2Pb/2MPh vs. 27Ph/2MPh.

Because the U/Pb ratio of anti-perthite from gt-opx granulite LB04-91 shows
over an order of magnitude change over a distance of ~800 pum, and correlates with
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Figure 3.5: Mixing diagram from least radiogenic Pb composition in the
Labait lower crustal xenolith feldspars (20 pg/g) and the Labait Basalt
(8 pug/g). Error ellipses are 20,,¢qy, of each feldspar analysis and the error
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the 20°Pb/?*Pb ratio (Figure 3.6), we suggest that the linear correlation reflects
an isochron, rather than mixing between two endmember Pb isotopic compositions.

Below we explore the thermochronological implications of the feldspar isochrons.

3.9.2 Thermochronometry

Individual feldspars in five samples (2 px granulites LB04-19, L.LB04-50, LB04-
82, gt-opx granulite LB04-91 and the granite, LB04-87) are heterogeneous with
respect to their Pb isotopic compositions, indicating that they have resided at
temperatures below ~600°C, given the closure temperature of Pb in feldspar cal-
culated above. The Pb isotopic heterogeneities reflect several reservoirs of radio-

genic Pb, similar to other U-bearing silicate minerals (Frei and Kamber, 1995) and
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Figure 3.6: Laser ablation pits from anti-perthite in LB04-91 (See Figure
3.2) and corresponding U/Pb measurements performed as spot analy-
ses with LA-ICP-MS, indicating variable U-Pb ratios on a micron scale
within the anti-perthite. Right panel shows an estimate of the corre-
sponding 2°°Pb /291Ph, based on the time-resolved spectra, matched with
the spot U analyses.
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yield isochron ages of ~ 2.4 Ga. This result demonstrates that the Pb-Pb system
in feldspars is a viable thermochronometer in rocks having coarse-grained (mm)
feldspars, significant age, and U and Th concentrations. Because feldspars from the
Labait xenoliths record a range of Pb isotopic compositions, the temperature of the
lower crust of the Tanzanian Craton must not have been elevated above 600°C at
any time following 2.4 Ga, including during the Pan-African Orogeny (ca. 560 Ma)
and the development of the East African Rift.

Given the spread in Pb isotopic values and the isochron age, a maximum
2387 /291Ph can be calculated for the feldspar grains. The largest range in Pb isotopic
values for a single feldspar is seen in gt-opx granulite LB04-91, which has 2°Pb/
204Ph varying from 14.87 to 15.38, corresponding to a maximum 233U /2%Ph of 6.
Most of the samples fall on a linear trend on the 2%Pb/ 2%4Ph vs. 296Ph/ 204ph
diagram, corresponding to a 232Th/?8U of 4.3. Three samples, one from each of
three different lithological groups, fall off this trend: gt-opx granulite LB04-39, the
single anorthosite, LB04-27 and the granite LB04-87. Assuming these samples were
extracted at the same time and from the same mantle source as the other Labait
xenoliths (because they follow the same trend as the other samples in the 2"Pb/
204Ph vs. 206Ph/ 294Ph plot), their Pb isotopic composition can be modeled with a
232Th /238U of 2, 3.6 and 2, respectively (Figure 3.2). All of the calculated #3*Th/?3%U
ratios are within the range of the whole rock Th/U (0.7-5.6, Mansur et al., 2011).
The variable 232Th/?38U ratios in the feldspars of these three samples illustrates
the potential of the 2°°Pb/2*Pb vs. 29Ph/?Ph composition in feldspars to be a

more sensitive discriminator of provenance than the 2°7Pb/?4Ph vs. 206Pb/204Ph
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composition.

3.9.3 Pb isotopic composition of the lower crust and mantle source

In addition to providing constraints on the thermal history of the lower crust
of the Tanzanian Craton, the common Pb isotopic composition of Labait feldspars
can also be used to place constraints on its age and origin. Based on trace element
analyses, most of the Labait lower crustal xenoliths (in particular, the two pyrox-
ene granulites) likely crystallized as basalts from an arc setting and subsequently
underwent granulite facies metamorphism (Mansur et al., 2011). Considering that
all of these xenoliths have relatively low equilibration temperatures (Mansur et al.,
2011), and lie on a linear array in 2°"Pb/2%Pb vs. 2°Pb/2%'Pb space (except horn-
blende granulite LB04-48), we interpret them to have formed from the same mantle
reservoir at the same time. Therefore, we group all of the Pb isotopic compositions
from this suite of xenoliths to get an age of lower crust extraction from the mantle
of 2.71+ 0.09 Ga (Table 2). This mantle extraction age is similar to that of the
Western Granulites (Johnson et al., 2003). In addition, the age recorded by the
anti-perthitic feldspars (~2.4 Ga) could date the age of metamorphism of the lower
crust to granulite facies, which is similar to the metamorphic event seen by the
western granulites, occurring 50-100 Ma after extraction from the mantle.

The Pb isotopic compositions of the all of the feldspars from the Labait lower
crustal xenoliths, except those in hornblende granulite LB04-48, lie within error of

a 2.71 Ga isochron (Figure 3.2). The 2.71 Ga isochron intersects the 2.71 Geochron
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Table 3.2. Summary of Pb-Pb ages from Labait xenoliths

Sample Suite Sample (s) Minerals Age (in Ga) 20
2 Px Granulite LB04-19 Multiple Plagioclase 2.96 1.50
2 Px Granulite LB04-43 Multiple Plagioclase 3.54 0.50
2 Px Granulite LB04-50 Single Anti-perthite 2.74 0.43
2 Px Granulite LB04-50 Single Anti-perthite 2.30 0.60
2 Px Granulite LB04-50 Anti-perthite, Ilmenite 2.51 0.35
2 Px Granulite LB04-65 Anti-perthite, Apatite 2.42 0.69
2 Px Granulite LB04-65 Anti-perthite, Apatite 2.75 1.60
2 Px Granulite LB04-65 Multiple Ant-perthite, Multiple Apatite 2.32 0.68
2 Px Granulite LB04-09, LB04-19, LB04-38, LB04-43, LB04-50, LB04-65 2.71 0.24
Gt-Opx-Granulite LB04-91 Single Anti-perthite 2.56 0.24
LB04-91 Single Anti-perthite 2.15 0.68

LB04-91 Multiple Anti-perthite 2.42 0.26

Gt-Opx Granulite LB04-39, LB04-91 2.38 0.23
2 Px Hbl Gran LB04-82 Single Anti-perthite 2.48 0.59
Multiple Anti-perthite, pyroxene 2.61 0.76

2 Px Hbl Gran LB04-48, LB04-82 3.40 0.25
Granite LB04-87 Anti-perthite-Apatite inclusion 2.68 0.15
LB04-87 Anti-perthite-Apatite inclusion 2.61 0.05

LB04-87 Multiple Anti-perthie, Apatite 2.62 0.04

Average Age of Anti-perthite 2.44 0.41

Average of non Anti-perthite ages 2.71 0.73

Isochron of the entire sample suite 2.71 0.09

(Holmes, 1946) at 29Pb/?*Pb=13.4 4+ 0.4 and *"Pb/?*Pb=14.7 £ 0.4 (20), near
the common Pb isotopic composition of feldspars in the two least-radiogenic samples,
LB04-38 and LB04-48. Using a single-stage Pb evolution model, the primordial Pb
isotopic composition of Canyon Diablo troilite (Chen and Wasserburg, 1983), and
assuming the intersection between the Labait isochron and geochron represents the
isotopic composition of the Tanzanian Craton crust at the time of its extraction
from the mantle, this crust derived from a mantle source with a 233U /2%PD of 8.1
+ 0.3 (Figure 3.2). Similarly, the #*Th/?**Pb value for the mantle source was 35
+ 1, with a 22Th/?*®U of 4.3 + 0.1 (Figure 3.2). This #8U/?%Pb is similar to
that found for Archean komatiites from Canada, Australia, and Africa that indicate

mantle 238U /2Ph values at ~2.7 Ga of 7.8-8.5 (Chauvel et al., 1993; Dupre’ and
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Arndt, 1990). The inferred #**Th/?*¥U is consistent with previous observations that
the Archean mantle had a ?3?*Th/*®U of ~ 4 (e.g., Zartman and Haines, 1988;
Zartman and Richardson, 2005, and references therein).

Two samples do not follow the general trends defined by the rest of the suite.
The anorthosite (LB04-27) has unusually radiogenic plagioclase, which lies close
to the present-day geochron. The anorthosite does not fall on the mixing trend
with the Labait basalt, suggesting that it may have derived from a deeper (hotter)
level than the other samples and may have equilibrated with U-bearing phases more
recently. In contrast, plagioclase in hornblende granulite LB04-48 has the least
radiogenic Pb isotopic composition of the entire suite and lies below the linear trend
defined by the other samples in both?**Ph/21Pb vs. 206Ph/21Ph and 2°"Pb/2%1Ph
vs. 206Pb/2%Pb plots (Figure 3.2). The non-radiogenic composition of the common
Pb in this sample could reflect its derivation from somewhat older material present
in the cratonic lower crust.

The common Pb isotopic composition of the Tanzanian lower crust overlaps
with the Pb isotopic composition of feldspars and galenas from outcrops within the
Tanzanian Craton, in a similar, slightly curved array (Figure 3.8) (Coomer and
Robertson, 1974; Moller et al., 1998). The similarity between Pb isotopic composi-
tions of surface samples and lower crustal xenoliths indicates a similar provenance,
and therefore, similar model ages for the upper and lower crust. The linear relation-
ship of the Pb isotopic composition of lower crustal feldspars and surface samples in
both 208Pb /291Ph vs. 206Ph/2MPh and 2"Pb/?%1Pb vs. 2%Pb/?Pb indicates that

there have been no additions or major fractionation of U/Pb or Th/Pb in the crust
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since the amalgamation of the Tanzanian Craton in a convergent margin setting ca.

2.7 Ga.

3.10 Conclusions

The Pb isotopic composition of feldspars from lower crustal xenoliths from
the Tanzanian Craton, in combination with previous studies on surface samples
and mantle xenoliths indicate that the crust and lithospheric mantle comprising
the Tanzanian Craton formed in the Archean in a convergent margin setting at
approximately the same time, ca. ~ 2.7 Ga. Using a single-stage Pb evolution
model, the crust of the Tanzanian Craton was extracted from a mantle with a
2387 /204Pb of 8.1 & 0.3 and ?**Th/?3¥U of 4.3 & 0.1. Single anti-perthitic feldspars
have isochrons that have an average age of 2.4 Ga, which indicates the time at which
the lower crust cooled to a temperature <600°C. After 2.4 Ga, the temperature of
the Tanzanian Craton lower crust, as represented by the xenoliths examined here,
did not rise above 600°C during either the Pan-African Orogeny or the present-day
rifting. The identical common Pb isotopic compositions of the surface samples and
lower crust indicate that there was no addition, subtraction, or fractionation of U,

Pb, or Th in the crust of the Tanzanian Craton since its formation ca. 2.7 Ga.
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Chapter 4

Lead isotopic evolution of Archean continental crust in the
Neoproterozoic Mozambique Belt, Northern Tanzania: Insights into
crustal evolution

4.1 Contributions

J. Bellucci made all of the measurements for this study. P. Piccoli aided in the
composition of feldspar measurements.W. McDonough and R. Rudnick contributed
to the interpretation of the data. The text, tables, and figures, except for the
geological map were written/created by J. Bellucci. The geological map of the area

was created by M. Blondes.

4.2 Abstract

Common Pb isotopic compositions of feldspars from the present-day lower,
middle, and upper crust of the Mozambique Belt in northern Tanzania are used to
determine the provenance of the deep crust within a continental orogen, the timing of
last equilibration during the East African Orogeny using feldspar thermochronom-
etry, and to constrain the timing and magnitude of intra-crustal differentiation.
The Pb isotopic compositions of most feldspars from lower crustal xenoliths in the

Mozambique Belt are strikingly similar to those in granulite-facies xenoliths from
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the adjacent Tanzanian Craton, due to re-equilibration at 0.56 Ga with U bearing
phases during the East African Orogeny. Middle crustal xenoliths from the mobile
belt have more variable Pb isotopic compositions, with two suites (Lashaine and Ol-
mani) having compositions that plot outside of the range of the Tanzanian Craton
or the Western Granulites that out crop at the surface; these middle-crustal samples
are interpreted as an exotic terrain, not yet sampled in the Mozambique Belt, that
was accreted during the East African Orogeny.

The homogenous Pb isotopic compositions of alkali feldspars in the deep crust
of the Mozambique Belt reflects their resetting at temperatures > 600°C during the
East African Orogeny and contrasts with the deep crust of the Tanzania Craton,
which remained below 600°C since its formation in the Archean. The Western
Granulites, exposed at the surface, show a ~2.5-fold enrichment in U relative to
that of the present-day lower crust that was established ~2.7 Ga, close to the time
of crust formation. The Th/U ratio of the lower crust of the Mozambique Belt is
~4, whereas the upper crust is ~3. Finally, a west to east increase in lower crustal
2387 /291Ph, which correlates with heat flow measurements in the area, indicates an
enrichment in U with distance from the craton margin, which may have contributed
to reworking of Archean crust in the Western Granulites in comparison to the stable

Tanzanian Craton.
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4.3 Introduction

The continental crust is stratified in composition, with the lower crust being
more mafic and depleted in heat producing elements (HPEs: U, Th, K) compared
to the upper crust (Rudnick and Fountain, 1995; Rudnick and Gao, 2003, and ref-
erences therein). Intracrustal differentiation leads to this stratification of the HPEs
towards the surface, leaving behind a HPE-depleted lower crust, which, in com-
bination with a thick mantle root, would potentially produce a low surface heat
flow (e.g., Perry et al., 2006; Sandiford and McLaren, 2002). The process of intra-
crustal differentiation would be especially important in cratons, where depletions of
HPEs in the lower crust results in a rigid body, resistant to deformation (Sandiford
and McLaren, 2002). Therefore, constraining the timing and level of intra-crustal
differentiation is paramount to understanding craton/continental crust formation.
Thorium and U are two of the largest contributors to heat flow and are the parent
isotopes for the Pb isotopic system. The loss of U during granulite metamorphism
and the variable geochemical behavior of U, Th and Pb make the Pb isotopic system
a sensitive tool for understanding the timing of crust formation and intra-crustal
differentiation (e.g., Bolhar et al., 2007; Moller et al., 1998; Oversby, 1978; Rudnick
and Goldstein, 1990).

The Pb isotopic system is comprised of two components: common Pb and
radiogenic Pb (Pb*). Common Pb reflects the Pb isotopic composition of a rock
at the time of the at the most recent equilibrium. It can be preserved in minerals

with low 23U /?Pb and 3?Th/?*'Pb. Coupled with independent chronometric
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constraints, the Pb isotopic composition of a rock can be used to model its time-
integrated 233U /21Pb, 232Th /2°4Pb, and ?32Th/**U or its source in simple systems
(e.g., Bodet and Scharer, 2001; Gancarz and Wasserburg, 1977). The common Pb
isotopic composition of a rock can also be used to discriminate between different
crustal domains in granulite belts (e.g., Moller et al., 1998).

The Pb isotopic compositions of feldspars have been used as to understand
crustal evolution (e.g., Bodet and Scharer, 2001; Bolhar et al., 2007; Gancarz and
Wasserburg, 1977; Kamber et al., 2003; Ludwig and Silver, 1977; Oversby, 1978).
Alkali feldspars contain common Pb, as well as exsolution lamellae (or U-bearing
micro- inclusions) that may contain U and, thus, may evolve Pb* (Bellucci et al.,
2011; Housh and Bowring, 1991; Ludwig and Silver, 1977). Laser ablation (LA-
) multi-collector (MC-) ICP-MS (LA-MC-ICP-MS) offers a novel way in which to
sample individual domains of Pb on the hundreds of micron scale and, for U-bearing
feldspars, provides the potential to date the age of last equilibration defined here to
be the time at which the feldspars cooled below their closure temperature, ~600°C
(determined by the method of Dodson, 1973) (Bellucci et al., 2011; Cherniak, 1995).

Here we report Pb isotopic compositions in feldspars obtained via LA-MC-ICP-
MS from the lower, middle and upper crust of the Mozambique Belt of Tanzania.
Based on feldspar compositions, the 233U /2%4Ph, 232Th/2%'Ph, and 232Th/?3*U of
each section of crust were determined, along with the timing and degree of intra-
crustal differentiation. Comparisons of the common Pb isotopic compositions of
the lower and middle crusts of adjacent crustal sections reveal genetic relationships

and provide insights into the tectonic architecture, at depth, of the region. Finally,
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domains of Pb* in individual feldspars provide clues about the thermal history of

the crust of the Mozambique Belt.

4.4  Geologic Setting

Northern Tanzania is comprised of the Tanzanian Craton and the Mozambique
Belt (Figure 4.1), the former of which consists of low- to medium-grade metamor-
phic rocks, with ages that range between 2.6-3.1 Ga (Bellucci et al., 2011; Coomer
and Robertson, 1974; Maboko, 2000; Manya et al., 2006; Moller et al., 1998 and ref-
erences therein). The Tanzanian Craton has low surface heat flow (34 + 4 mW/m?
Nyblade and Pollack, 1993) and is underlain by a refractory, Archean (up to 2.8 Ga)
lithospheric keel to a depth of 150 + 20 km (Burton et al., 2000; Chesley et al., 1999;
Lee and Rudnick, 1999; Ritsema et al., 1998; Weerarante et al., 2003). Bordering the
Tanzanian Craton to the east lies the high-grade Mozambique Belt, which marks a
major suture of Gondwana during the East African Orogeny. The East African Rift
(EAR) began propagating around the margins of the Tanzanian Craton, through the
Mozambique Belt at ca. 0.03-0.05 Ga, and is manifested by the eruption of basalts,
some of which carry xenoliths from the upper mantle and deep crust (Dawson, 1992;
Nyblade and Brazier, 2002).

In northern Tanzania, the Mozambique Belt consists of two parallel granulite
belts that run roughly north-south: the Western Granulites and the Eastern Gran-
ulites with their associated cover sequences (Fig. 4.1, modified from Cutten et al.,

2006; Fritz et al., 2009; Hepworth, 1972, and references therein). The Western Gran-
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ulites have Archean protoliths, as seen in zircon U-Pb dates of 2.6-2.8 Ga (Johnson
et al., 2003) and Nd model ages of ~ 3 Ga (Moller et al., 1998), overlapping the
ages seen in the Tanzanian Craton. The Western Granulites were initially meta-
morphosed to granulite facies in the Archean, 0.05-0.1 Ga after formation (Johnson
et al., 2003). Subsequently, the East African Orogeny re-worked these materials,
resulting in Pb-loss in zircons (Johnson et al., 2003; Mansur et al., 2011), low-U
metamorphic rims on zircons with 20°Pbh/#38U dates of ca. 0.550 Ga (Cutten et al.,
2006) and metamorphic monazites with dates of ca. 0.560 Ga (Blondes et al., 2011).

By contrast, the Eastern Granulites have more diverse ages. Neodymium
model ages are generally bimodal, with Mesoproterozoic (1.1-1.5 Ga) and Archean
(2.8 to 3.0 Ga) ages found in most of the Eastern Granulites (Moller et al., 1998).
The western Uluguru Mountains are an exception. These rocks have Nd model ages
falling between 2.1 to 2.6 Ga, which was attributed by Moller et al. (1998) to mixing
between Archean and Proterozoic crustal components. U-Pb zircon crystallization
dates for Eastern Granulites are similarly diverse, as summarized in Tenczer et al.
(2006), ranging from Archean (2.6 to 2.9 Ga) to a wide range of Proterozoic dates
(0.75 to 2.02 Ga). Peak metamorphism in the Eastern Granulites is estimated to
be 0.640-0.650 Ga based on U-Pb dating of metamorphic zircons and zircon rims,
pre-dating that of the Western Granulites, and has been interpreted to be the age of
granulite-facies metamorphism at the base of a continental arc (e.g., Cutten et al.,
2006; Kroner et al., 2003; Moller et al., 2000) which was subsequently accreted onto
the African continent during the Pan-African orogeny at 0.560 Ga (Cutten et al.,
2006).
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The southeastern border of the Tanzanian Craton was a convergent margin at
ca. 2.0 Ga, resulting in the Usagaran Orogeny (Collins et al., 2004; Moller et al.,
1995), which may have marked the closure of a marginal sea formed by rifting within
the southern Tanzania Craton (Reddy et al., 2003). There is no evidence for a 2.0
Ga event in the region investigated here (Figure 4.1, Cutten et al., 2006; Fritz et al.,
2009; Mansur et al., 2011).

The Mozambique Belt has variable heat flow that increases from west to east
(40-64 mW /m?) and high seismic velocities in the mantle (Nyblade, 1997; Nyblade
et al., 1990; Weerarante et al., 2003), which indicates a thin <100 km mantle keel.
Peridotite xenoliths from this region have refractory compositions (Rudnick et al.,
1994) and Archean Os model ages of up to 3.4 Ga (Burton et al., 2000). These
observations suggest that Archean lithosphere of the Tanzanian Craton extends to
the east within the Mozambique Belt. The Pb isotopic results reported here provide
a means of tracing the lower crust of cratonic lithosphere within the deep crust of

the Mozambique Belt.

4.5 Samples

All samples derive from the Mozambique Belt in Northern Tanzania (Figure
4.1) and span a wide range in composition, metamorphic grade, vertical and lateral
distribution. Samples consist of granulite facies lower crustal xenoliths, amphibolite
or granulite facies middle crustal xenoliths, and granulite facies surface outcrops

(Table 4.1). Thermochronology of U-bearing accessory phases for the same sample
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Figure 4.1: Simplified Geologic map of northern Tanzania (after Cutten
et al., 2006 and Fritz et al., 2009). Included are surface rock types and
locations of the sample locations in this study. EGC: Eatsern Granulite
Cover, EGB: Eastern Granulite Basement, GT: Galena Terrain
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Table 4.1. Sample Localities, Rock Type, and Depth of Sample
Sample Rock Type Major Mineralogy Accessory Phases Crustal Level

Allie Gale's Crater (AG) 2°47'15.00"S, 36° 3'49.32"E

AG04-01 Gt Cpx Gran pl-qtz-cpx-gt rt, zr, ap Lower Crust
Naboir Soito (NS) 2°46'53.04"S, 36° 0'49.86"E
NS04-83 Qtz Gran pl-gtz-cpx-opx ap, ti Lower Crust
NS04-94 Qtz Gran qtz-plag-cpx-opx ap, zr Lower Crust
NS04-96 Qtz Gran pl-gtz-opx-cpx ap, ti Lower Crust
NS04-98 Qtz Gran pl-gtz-opx-cpx bt, ti Lower Crust
NS04-13 a Qtz Gran pl-gtz-opx-cpx ap, ti Lower Crust
NS04-13 b Qtz Free Gran pl-opx-cpx ap, ti Lower Crust
NS04-43 Qtz Gran pl-gtz-opx-cpx ap, ti Lower Crust
NS04-91 a Qtz Gran pl-qtz-opx-cpx ap, ti Lower Crust
NS04-91 b Qtz Free Gran pl-opx-cpx ap, ti Lower Crust
Lashaine (LS) 3°22'0.00"S, 36°25'60.00"E
LS04-08 Gt Cpx Gran pl-cpx-gt ap Lower Crust
LS04-10 Gt Cpx Gran pl-cpx-gt ky, ap Lower Crust
89-727 Gt Cpx Gran pl-cpx-gt ap, ky Lower Crust
89-732 Gt Cpx Gran pl-cpx-gt ky, rt Lower Crust
89-762 Gt Cpx Gran pl-cpx-gt ap Lower Crust
89-726 Gt Cpx Gran pl-cpx-gt ky, rt Lower Crust
LS-17 Gt Cpx Gran pl-cpx-gt ky, rt, ap Lower Crust
LS04-01 Gt Cpx Gran pl-gt-cpx ap Lower Crust
LS04-02 Gt Cpx Gran pl-cpx-gt hbl, ky, ap Lower Crust
89-733 Bio-gt Granulite pl-bt-cpx-opx-gt ap, ti, zr Middle Crust
89-745 Bio-gt Granulite pl-bt-cpx-opx-gt ti, zr Middle Crust
Lemugur (LG) 3°26'32.32"S, 36°32'27.13"E
LG04-37 Amphibolite qtz-kfs-plag-hbl-bt ap, rt, zr, ti Middle Crust
Eledoi (EL) 2°45'33.45"S, 36° 1'52.52"E
EL04-01 Orthogneiss kfs-qtz-bt-pl zr, ap Middle Crust
Olmani (OM) 3023'50"S, 36°45' 20" E
OM04-13 Felsic Granulite qtz-pl-gt-bt-cpx-opx zr, ap, mon Middle Crust
Loibor Serrit (LS) 4°10'58.74"S, 36°24'45.30"E
LS06-2 Gt Gran pl-qtz-cpx-gt am, bi, zr, ap, rt, ti Surface
LS06-12 Gt Gran gneiss pl-gt-cpx zr, ap, rt, ti Surface

Gran: Granulite; Gt: Garnet, Px: Pyroxene, Qtz: Quart, Opx: Orthopyroxene, Cpx: Clinopyroxene, Kfs: Potassium Feldsdpar,
Pl: Plagioclase, Ap: Apatite, Rt: Rutile, Ti: titanite, Ky: Kyanite, Hbl: Hornblende, Am: Amphibole

suites is reported in Blondes et al. (2011). Mineral chemistry, major, trace element
and Sr-Nd isotopic data for Lashaine and Naibor Soito xenoliths are reported in

Mansur et al. (2011).
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4.5.1 Lower Crustal Xenoliths

4.5.1.1 Lashaine

Granulite xenoliths from the Neogene Lashaine volcano in the Mozambique
Belt (Figure 4.1) have been the focus of several previous investigations (e.g., Blon-
des et al., 2011; Cohen et al., 1984; Mansur et al., 2011; Jones et al., 1983). Xenoliths
from this locality are dominated by garnet-clinopyroxene granulites, many of which
contain kyanite. Pyroxenes in a number of xenoliths are rimmed by garnet, sug-
gesting an isobaric cooling history. Application of two-pyroxene thermometers and
garnet-orthopyroxene barometers yield equilibration temperatures of 720-820°C, and
pressures of 1.7 to 2.7 GPa, suggesting these samples experienced peak metamor-
phism at the base of doubly-thickened continental crust during the East African
Orogeny (Mansur et al., 2011). Major and trace element compositions from these
xenoliths suggest they formed as cumulates from basaltic magmas (Jones et al.,
1983; Mansur et al., 2011). Feldspars from the Lashaine xenoliths are unzoned with
compositions of Angs_45Abss_760ro_5. Alkali feldspar has not been observed in any

of the Lashaine xenoliths.

4.5.1.2 Naboir Soito

Granulite xenoliths from the Neogene Naibor Soito volcano (Figure 4.1) are
largely made up of quartz granulites having a major mineralogy of plagioclase,
quartz, orthopyroxene, clinopyroxene and garnet. Other samples contain no quartz,

but otherwise have similar mineralogy. The whole rock major element compositions
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are remarkably similar to lavas from the greenstone belts in the Tanzanian Craton
and, like those lavas, may have formed in a convergent margin setting in the Archean
(Mansur et al., 2011). Equilibration conditions for these xenoliths are similar to
those from Lashaine (820- 880°C, 1.3 to 2.6 GPa), suggesting their equilibration
at the base of a doubly-thickened crust (Mansur et al., 2011). The U-Pb ages of
zircons from these samples reveal two age clusters: 1) 2.65 Ga, which coincides with
the final stages of formation of the Tanzanian Craton (e.g., Bellucci et al., 2011;
Maboko, 2000; Manya et al., 2006) and 2) 2.80 Ga, an earlier crust generation event
(Mansur et al., 2011). Whole rock Nd model ages range from 2.5-3.1 Ga, consistent
with their formation in the Archean (Mansur et al., 2011).

The feldspars in these xenoliths exhibit a wide range in composition and are
enriched in K5O relative to the Lashaine xenoliths. Plagioclase in these samples is
Anos_48Absg_gsOra_11. Orthoclase is observed in several samples from this local-
ity and has the composition AngAbsz;_340rg0_¢4 (Mansur et al., 2011). Two lower
crustal xenoliths from this volcano are compositionally banded (NS04-13 and NS04-

91) with interweaving mafic and felsic bands.

4.5.1.3 Allie Gale’s Crater

The sample from Allie Gale’s Crater is a garnet-clinopyroxene granulite. It is
composed of plagioclase, quartz, clinopyroxene, and garnet. Because it is a granulite,
we assume that this rock is from the lower crust. No major or trace element analyses

have been obtained for this sample. The feldspars from this sample are unzoned
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plagioclase and have the composition of An;5AbgyOry.

4.5.2 Middle Crustal Xenoliths

4.5.2.1 Eledoi

Eledoi is an explosion crater containing peridotite xenoliths (Cohen et al., 1984;
Dawson and Smith, 1988) located near Naibor Soito and Allie Gale’s Crater (Figure
4.1). Sample EL04-01 is a felsic orthogneiss composed of orthoclase, plagioclase,
quartz and biotite. The presence of hydrous phases in this sample is consistent
with its derivation from the middle crust. The sample contains monazites that have
Archean (ca. 2.6 Ga) cores and Pan-African overgrowths (ca. 0.560 Ga) (Blondes
et al., 2011). Here we assume, following Blondes et al. (2011) that the younger
monazite grew during peak metamorphism during the East African Orogeny. The
older age is interpreted to document its original formation in the Archean, which
is similar to zircon ages from lower crustal xenoliths from the Tanzanian Craton
(Mansur et al., 2011; Blondes et al., 2011) and Western Granulites (Johnson et al.,
2003). The plagioclase from this sample has a composition of An;5AbgsOry and the

orthoclase has a composition of AngAbsgOryy.

4.5.2.2 Lashaine

Two biotite-garnet granulite xenoliths from the Lashaine volcano have distinct
mineralogies and compositions compared to garnet-clinopyroxene granulites from

Lashaine. In addition to containing biotite, these samples are enriched in incompat-
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ible trace elements and have compositions similar to potassic basalts (Mansur et al.,
2011). They equilibrated at markedly lower temperatures and pressures (600°C, 0.8
GPa) than the Lashaine garnet-clinopyroxene granulites, indicating their derivation
from the middle of the doubly-thickened crust of the East African Orogen (Mansur
et al., 2011). Both samples yield Nd model ages of 2.8 Ga (Mansur et al., 2011).
While the U-Pb ages in zircon from these two Lashaine xenoliths are imprecise due
to the very small size of the zircons, they yield highly discordant ages pointing to-
wards the Archean, with a subset having concordant 23¥U-2Pb ages that cluster
around 0.550 Ga (Blondes et al., 2011). Feldspars from these xenoliths are unzoned

and have a composition of AngyAbg;Ors (Mansur et al., 2011).

4.5.2.3 Olmani

The Olmani scoria cone is located on the outskirts of Arusha (Figure 4.1)
and contains mantle xenoliths that have a distinctive signature of carbonatite over-
print (Cohen et al., 1984; Rudnick et al., 1993, 1994; Burton et al., 2000). Sample
OMO04-13 is a foliated felsic granulite composed of quartz, plagioclase, garnet, biotite
orthopyroxene and clinopyroxene. This sample is inferred to derive from the present-
day middle crust and contains apatites with concordant U-Pb dates of 0.465+7 to

0.4797+5 Ga (Blondes et al., 2011). Plagioclase from this xenolith is AnjgAb79Or,.
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4.5.2.4 Lemugur

The Lemugur tuff cone is located to the south of Lashiane and Olmani localities
(Figure 4.1). While a large variety of crustal xenoliths are found there, they have
not been previously studied. Sample LG04-37 is a foliated amphibolite consisting
of plagioclase, alkali-feldspar, quartz, brown amphibole and biotite. Titanites from
this xenolith yield concordant dates between 0.5023 + 4 and 0.5361 £+ 5 Ga, while
a single apatite yields a younger concordant date of 0.368 + 12 Ga (Blondes et
al., 2011). Both plagioclase and alkali feldspar occur in these xenoliths and have

compositions of Anj5AbgsOr; and AngAbs;Orys, respectively.

4.5.3 Surface Samples

4.5.3.1 Loibor Serrit

The samples from Loibor Serrit are part of the Western Granulites of the
Mozambique Belt (Figure 4.1). Sample LS06-12 is a mafic garnet granulite gneiss
cobble composed of poikioblastic garnet, plagioclase and clinopyroxene. Sample
LS06-2 is a garnet granulite composed of quartz and plagioclase, garnet, minor
clinopyroxene, amphibole and biotite. Rutile, apatite and titanite yield overlapping
U-Pb dates ranging between 0.509 and 0.553 Ga, with the exception of one titanite
that yields a date of 0.615 Ga and one rutile that yields a date of 0.467 Ga (Blondes
et al., 2011). Plagioclases from these two samples have similar compositions of

Angz_35Absg_6101a_3.
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Table 4.2 Feldspar Compositions
AG04-01 EL04-01-PI EL04-01-Or LS06-12 LS06-02  LG04-37-PI LG04-37-Or OMO04-13

Sio2 63 64 65 58 58 64 64 61
Al,0; 23 23 19 25 26 23 19 23
Ca0 4 4 0 8 7 4 0 5
Na,0 8 9 2 7 7 8 1 8
K,0 1 0 14 0 0 0 14 0
Total 100 100 100 98 99 99 98 97
Si 2.7 2.7 2.6 2.7 2.6 2.7 2.5 2.6
Al 1.2 1.1 0.9 1.4 1.4 1.1 0.9 1.2
Ca 0.2 0.2 0.0 0.4 0.4 0.2 0.0 0.2
Na 0.9 0.9 0.9 0.6 0.6 1.0 0.9 1.0
K 0.0 0.0 0.7 0.0 0.0 0.0 0.7 0.0
An 16 15 0 38 37 15 0 19
Ab 80 84 56 59 61 84 55 79
Or 4 2 44 3 2 1 45 2

4.6 Analytical Methods

4.6.1 Feldspar compositions

Feldspars major element compositions for the samples from Allie Gale’s Crater,
Eledoi, Loibor Serrit, Lemugur, and Olmani were determined using the JXA-8900
SuperProbe with WD/ED Combined Electron Probe Microanalyzer (EPMA) at the
University of Maryland, College Park (UMCP). The compositions reported here
are averages of 3 separate analyses from the same crystal domain. The rest of the

feldspar compositions are reported in Mansur et al. (2011).

4.6.2 Pb isotopic compositions

All isotopic analyses were conducted using a UP-213 nm wavelength laser
coupled to a Nu Plasma multi-collector ICP-MS, following the methods of Kent
(2008a,b). All analyses were conducted as lines that are 100-150 pum x 350-550 pm
(Table 4.2). Our analytical protocol is fully described in Bellucci et al. (2011); simi-

lar procedures were used in this study. Analytical conditions are given in Table 4.2.
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A mass fractionation corrected 2°*Hg abundance was used to subtract the isobaric
interference of 2**Hg on 2“Pb. The Hg mass fractionation factor was calculated
using the measured 2**Hg/?"Hg, a comparison to the natural isotopic abundances
of Hg (de Laeter et al, 2003), and the exponential law. Correction for mass frac-
tionation of Pb isotope ratios was performed via standard-sample bracketing, using
NIST 612 as the reference material, the Pb isotopic ratios reported in Baker et al.
(2004) and using the exponential law. The mass fractionation factor was determined
using 2%Ph/2°Ph. Prior to analyses; all Faraday cups were calibrated to the ax-
ial cup. Faraday-ion counter gain calibrations were calculated by taking the ratio
of the measured 2**Pb/?Pb (x=208, 207, or 206) vs. the expected 2**Pb/?*Pb.
The expected %*Pb/?%Pb were calculated using the fractionation factor calculated
from the measured 2°*Pb/2%Pb in NIST 612. Typical 20,4, precision on multiple

analyses of feldspars (n =10) is £0.3% for 2**Pb/2%4Pb.
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4.7 Results

The average Pb isotopic compositions of feldspars from the sample suite are
summarized in Table 4.3 and plotted in Figure 4.2. Data tables for each individual
laser analysis are located in Appendix D.

The spread of Pb isotopic compositions in the 2°Pb/?*Pb vs. 207Ph/ 291Ph
plot is large, with 2°Pb/294Pb ranging from 14-19.4 (Figure 4.2). There is a signif-
icant spread in the 2°7Pb/ 2%4Pb, which is noticeable in the lower crustal xenoliths
from Naboir Soito and Lashaine. The most radiogenic samples are middle crustal
xenoliths from Lashaine and Olmani (Figure 4.2). The least radiogenic sample is
the lower crustal xenolith from Allie Gale’s Crater, which plots near the 2.71 Ga
Geochron.

The Pb isotopic composition of middle-crustal feldspars from Eledoi and Lemugur
also lie within the field defined by the Tanzanian Craton (Bellucci et al., 2011), while
those from Lashaine and Olmani lie significantly outside the field of the Tanzanian
Craton. The Western Granulite samples (Loibor Serrit) also lie outside the cratonic
lower crustal field.

Two of the samples from Naibor Soito are compositionally banded (Table 4.1).
Plagioclase from each band has a distinct Pb isotopic composition (Table 4.2), with
those from the more felsic band having a more radiogenic Pb composition than those
from the mafic band.

The thorogenic Pb system is highly variable, with 2*Pb/?%4Pb ranging from

33.7-40.4. Feldspars from two Naibor Soito granulites plot above the field defined
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Figure 4.2: For reference, the T=0 (Present Day) and 2.71 Ga Geochrons are shown.
The gray field represents the field defined by feldspar Pb isotopic data from the
Labait locality on the Tanzanian Craton from Bellucci et al. (2011). They green
and purple fields represent the field defined by Pb isotopic data from feldspars from
samples recovered from the surface of the Western Granulites outcropped in the
southern Mozambique belt and the Pare, Usambara, Uluguru Mountains, the Umba
Steppe, and Wami river which represent the Eastern Granulites, respectively from
Moller et al. (1998). Error bars represent 20,04, 0of multiple feldspar analyses.
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by the lower crust of the Tanzanian Craton on the 2*°Pb/291Ph vs. 208Ph/291Ph
plot (Fig. 4.2), while all other lower crustal feldspars lie within the field. Feldspars
from the middle crustal xenoliths show the largest variability and all plot outside

the field of the Tanzanian Craton.

4.8 Discussion

4.8.1 Provenance

The majority of lower crustal xenoliths from the Mozambique Belt have Pb
isotopic compositions that plot within the field defined by the Tanzanian Craton’s
lower crust (Figure 4.2). The tectonic model of the area indicates that the lower
crust beneath the western Mozambique Belt is comprised of the Western Gran-
ulites (Cutten et al., 2006; Fritz et al., 2009). Therefore, the lower crustal xenoliths
from the Mozambique Belt likely represent the Western Granulites, and their Pb
isotopic compositions support the interpretation that the Western Granulites are
re-worked crust from the Tanzanian Craton. The middle crustal xenoliths from
Eledoi and Lemugur also share similar 2°°Pb/?%/Ph and *"Pb/?*/Pb compositions
to the Tanzanian Craton lower crust; we therefore interpret these as being Western
Granulites, which formed from re-worked crust of the Tanzanian Craton. The high
208P] /291Ph of the mid-crustal Eledoi orthogneiss (EL04-01) has a similar Pb iso-
topic composition to the lowland migmatites and granuiltes that occur within the
Western Granulites to the south of our study area (Moller et al., 1998) (Figure 4.2),

suggesting that these thorogenic compositions may have originated in the craton.
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By contrast, middle crustal xenoliths from Lashaine and Olmani have distinct
Pb isotopic compositions, zircon age populations (Blondes et al., 2011), trace ele-
ment compositions (Mansur et al., 2011), and a mineralogy that is largely different
from both the Eastern and Western Granulites. Therefore, we interpret these xeno-
liths as being derived from a previously un-sampled, exotic terrain that was accreted

onto the African continent during the East African Orogeny.

4.8.2 Pb isotopic modeling

In this section, we will use the common Pb isotopic compositions to calculate
the change in 23%U /2%1Pb and #2Th/*8U through time. Since the mantle extraction
age of the Eastern Granulites appears to be variable, and the metamorphic history
is significantly more complicated than the Western Granulites, the focus of this
section will be on the latter. The Pb isotopic model used here is a single-stage
Holmes-Houterman model (Holmes, 1946; Houtermans, 1946), using an initial Pb
isotopic composition of the Canyon Diablo troiolite (Chen and Wasserburg, 1983)
at 4.57 Ga. We assume the crust was extracted from the mantle at 2.71 Ga, like the
Tanzanian Craton (Bellucci et al., 2011), and the feldspars experienced equilibration
with the surrounding whole rock and U bearing phases during the East African
Orogeny, with the peak metamorphism occurring at 0.560 Ga (Blondes et al., 2011;
Cutten et al., 2006).

The U-Pb system has two decay equations, two 23U /2°4Pb variables and two

age variables. Here we use the mantle extraction age and metamorphic age as
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the two age variables, and solve for the two 23¥U/?%1Pb variables: (*3%U/?'Pb),
and (38U /2%Pb),. Where (?*3U/?%1Pb); represents the ratio from 4.57-2.71 Ga
and (**®U/?"Pb), is the ratio in the crust from 2.71-0.56 Ga. Unfortunately, the
232Th /%380 system (33U /2YPb /232Th/?**Pb) has only one decay equation and two
time variables and two #*2Th/*%U terms. Here we assume a (**Th/*%U); (system
initial) of 4.3, similar to that of the Tanzanian Craton (Bellucci et al., 2011) in
order to arrive at a solution for (*3*Th/?3U),, which was the ratio in the crust from
2.71-0.56 Ga.

The Pb isotopic modeling results are displayed in Table 4.3 and in Figure
4.3. Two populations of lower crustal xenoliths are identified based on their ini-
tial 228U /2%Pb values ((*3¥U/?%1Pb);): a (**8U/?*Pb); of 8.0 £ 0.2 (20) and a
(335U /24Ph), of 8.5 + 0.4 (20). The bulk rock 25U /2Ph (23U /2Pb),) between
2.71 Ga and 0.560 Ga for all of the lower crustal xenoliths range widely (1.4-7.7),
with an average around 4 + 5 (20). Mid-crustal samples from Eledoi and Lemugur
have similar (38U /2%1Pb); (8.2 4+ 0.2, 20) and (**3U/?"Ph), (4 + 3, 20) to the
granulite xenoliths. Surface granulites have a (*33U /?%/Pb); of 7.8 + 0.1 (20) and a
(338U /?*Pb); of 10.8 £ 0.1 (20). Similarly, the whole rock concentration of U in the
surface samples from the Western Granulites (~ 8 pug/g, Johnson et al., 2003) is an
order of magnitude relative to the lower crustal xenoliths from Lashaine and Naboir
Soito (~ 0.2 ug/g, Mansur et al., 2011). Whole rock (*3?Th/?*¥U) values between
2.71 Ga and 0.560 Ga ((***Th/?*U),) are highly variable (Figure 4.5). The lower
crustal xenoliths have an average (*32Th/?3U), of 4.0 4 2.7 (20). The (*32Th/?3U),
value of the mid-crustal xenoliths is unconstrained (i.e., (***Th/?3¥U), ranges from
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3.5-20) and surface samples have a (*32Th/?**U), of 3.33 4 0.03 (20).

The Pb isotopic composition of the present-day lower crust beneath the West-
ern Granulites is less radiogenic than the upper crust, reflecting the difference in
(238U /24Pb), for these samples. Given a mantle extraction time of ca. 2.71 Ga (Bel-
lucci et al., 2011; Johnson et al., 2003), the lower crust in this region has evolved
with an average 23%U/?%Pb of 4, while the upper crust (Western Granulites) has
evolved with a 238U /2%'Pb of 11 (Figure 4.3). This represents an enrichment of U in
the upper crust relative to the lower crust of ~2.5, which happened near the time
of mantle extraction. By contrast, the ?*2Th/?*3U of the lower and upper crust are
similar at 4 and 3, respectively. The present-day middle crust is heterogeneous and
has 232Th/?3U ranging from 7 to 20. The latter value is most likely not typical
of the middle crust. The slight enrichments in ?*’Pb seen in some Naibor Soito
and Lashaine lower crustal xenoliths relative to the lower crust of the Tanzanian
Craton, requires their derivation from a mantle source region with higher (8.5 vs.
8.1) time-integrated (*3*U/?**Pb);.

The lower crust beneath the Mozambique Belt, as sampled by granulite xeno-
liths from Allie Gale’s Crater, Naboir Soito, and Lashaine shows an increase in
(338U /?'Pb), from 1-5.5 with distance from the craton margin, while the 232Th/?3%U
stays relatively constant at ~ 3 (Table 4.5, Figure 4.3). A similar trend is seen in the
middle crustal xenoliths from Eledoi and Lemugur. The enrichment in U towards
the east would result in a higher heat flow and a weaker rheology. The weaker rheol-
ogy could be the reason the Western Granulites experienced multiple tectonic events

since the Archean, while the Tanzanian Craton has been stable since its formation
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(e.g., Sandiford and McLaren, 2002).
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Figure 4.3: Results from the Pb isotopic modeling of the Western Granulites.
Growth curves in the 227Pb/2%Pb vs. 206Pb/21Ph diagram are for the low, average,
and high (2%¥U/2%4Pb),, which are 7.7, 8.2, and 8.7, respectively. The linear features
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Table 4.6. Lower Crust Averages of (***U/?**Pb), and (***Th/>**U), from West to East

Locality, West to East km away from craton border  (*®*U/?***Pb), 20 (***Th/***U), 20
Lower Crust

Naboir Soito 57 2.8 1.3 4.2 4.2
Allie Gale's Crater 62 1.3 N/A 3 N/A
Lashaine 106 5.5 3.1 4.0 0.5
Middle Crust

Eledoi 60 2.9 N/A 20 N/A
Lemugur 118 5.3 N/A 6 N/A

4.8.3 Timing of Last Equilibration

Linear trends in Pb isotopic data can reflect mixing between two isotopically
distinct components or radiogenic in-growth, which can date the most recent equi-
libration event. Two compositionally banded lower crustal granulite xenoliths from
Naibor Soito have plagioclases with distinct Pb isotopic compositions between bands
(Figure 4.5), with the felsic bands having more radiogenic plagioclases than those in
the mafic bands. While the uncertainty on each analysis is too large to yield a true
isochron, the slope on the 2°6Pb /294Pb vs. 27Pb /204Pb plot suggests a date of 0.560
Ga. The Pb isotopic compositions of the feldspars are unlikely to be influenced
by host basalt infiltration, given the similar Pb concentration in the feldspar and
basalt at ~ 5-10 pg/g (Paslick et al., 1995). Moreover, linear regressions through
208p /204PY vs. 296Ph /201Ph of the banded samples do not intersect the Pb isotopic
composition of the rift basalts (Figure 4.5), which rules out mixing as a cause of
the linear trends and instead suggests isotopic disequilibria, resulting from the in
growth of U in the plagioclases in these samples. We suggest that the differences in
the Pb isotopic composition between the different bands reflects the last whole rock

equilibration, which occured during the East African Orogeny.
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4.9 Conclusions

The individual feldspars measured in this study are homogenous with respect
to their Pb isotopic compositions, which indicates that the lower and middle crusts
were heated to >600°C during the East African Orogeny, while the lower crust of
the Tanzanian Craton remained below that temperature (Bellucci et al., 2011). By
contrast, compositional bands within two Naibor Soito lower crustal xenoliths have
distinct Pb isotopic compositions that reflect their evolution under different U/Pb
ratio since their last equilibration in the East African Orogeny. The middle crust
beneath the Lashaine and Olmani volcanoes has highly radiogenic Pb, distinct from
either the Tanznaian Craton lower crust or any samples measured thus far from
the Mozambique Belt. These rocks may have derived from an exotic terrane that
accreted to the Tanzanian Craton during the East African Orogeny. Their presence
in the present-day middle crust is consistent with a thrust boundary separating
accreted middle crustal material from reworked Tanzanian Craton in the lower crust.
Based on the time-integrated Pb isotopic modeling of feldspars in the lower crustal
xenoliths, mid-crustal xenoliths, and surface samples from the Western Granulites

of the Mozambique Belt, the following observations can be made:

1. The #*®U/?™PDb of the Archean crust beneath the Mozambique Belt is ~4 and

the 232Th /23U is ~d.

2. The 233U /2°'Pb of the Archean middle crust is also ~ 4 and the *Th/?3U is
highly variable ranging from 3-20; the latter most likely not being representa-
tive of the middle crust.
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3. The Archean upper crust, as sampled by the Western Granulites, evolved with
a 238U /2P of ~10, indicating a ~2.5-fold enrichment in U in the upper crust
relative to the lower crust since its formation in the Archean. By contrast, the

232Th /238U in both the upper and lower crusts are similar.

4. A few lower crustal xenoliths have feldspars with an elevated 2°"Pb /2%4Pb, indi-
cating their devivation from a mantle source with a slightly higher 23U /201Ph

(8.5) than that of the Tanzanian Craton proper (8.2).

5. The #**U/?"PD in the lower crust of the Western Granulites increases with dis-
tance away from the craton margin, which corresponds to progressively higher
heat flow measurements as one goes away from the craton. The increased heat
production and flow, could explain why the Western Granulites have been

re-worked twice since the Archean, while the craton has remained stable.
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Chapter 5
Thermal history and Pb growth in the lower crust of the North
China Craton

5.1 Contributions

J. Bellucci made all of the measurements for this study. W. McDonough and
R. Rudnick contributed to the interpretation of the data. The text, tables, and
figures, except for the geological map were written/created by J. Bellucci. The

geological map of the area was created by J. Liu.

5.2 Abstract

The Pb isotopic compositions of plagioclase and alkali feldspars from granulite
facies lower crustal xenoliths from the Hannuoba volcanic province and Nushan Vol-
cano on the North China Craton have been measured by laser ablation MC-ICP-
MS. The common Pb isotopic compositions of these xenoliths corroborate previous
studies that have documented multiple generations of lower crust growth and mod-
ification at ca. 2.5, 1.8-1.9, and 0.097-0.150 Ga, that generated intermediate, felsic,
and mafic granulites, respectively. Plagioclase in the mafic xenoliths from Han-
nuoba have unradiogenic Pb consistent with the mixing of ancient and Mesozoic

aged material during the last crustal formation event. Hannuoba felsic xenolith’s
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preserve a fossil isochron that is consistent with their formation in the Archean and
resetting in the Mesozoic. The intermediate granulites from Hannuoba and Nushan
contain both plagioclase and alkali feldspar that have internal isochrons with ages
of ~1.7, which is the age of last metamorphism in the crust and the age of the
lithospheric mantle in the northernTrans-North China Orogen. The preservation of
internal feldspar isochrons in the intermediate granulites suggest residence in the

lower-middle crust with a temperature <600°C since 1.7 Ga.

5.3 Introduction

Cratons, pieces of continental crust and lithospheric mantle that formed in
the Archean and persisted for billions of years, contain the majority of the geologic
record of the Earth. Two defining characteristics of cratons are a low heat flow,
in comparison to more recently tectonic active provinces and a deep mantle litho-
spheric keel (Nyblade and Pollack, 1993; Carlson et al., 2005). Mantle and deep
crustal xenoliths can be used to provide insights into the origin and thermal his-
tory of cratons, and therefore the processes that led to cratonization (e.g., Carlson
et al., 2005; Rudnick, 1992; Rudnick et al., 1998; Schmitz and Bowring, 2003; and
references therein). The North China Craton (NCC) is of specific interest because it
has undergone both craton formation and destruction processes. Studies of mantle
xenoliths indicate that the NCC once had a deep lithospheric keel, and by inference,
a low surface heat flow but that sometime in the Mesozoic (ca. 220 Ma) the keel

was evidently lost and replaced with young, fertile mantle (Gao et al., 2002; Griffin
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et al., 1998; Menzies et al., 1993). As a likely consequence of mantle keel loss, the
NCC presently has a high heat flow (Hu et al., 2000; Tao and Shen, 2008).

Removal of the lithospheric mantle resulted in a lower crust beneath the NCC
that is heterogeneous in terms of both composition and formation history. The lower
crust of the NCC has witnessed cratonization, tectonic reactivation, and is therefore,
an important locality to understand the differentiation during lithosphere formation.
The U-Th-Pb isotopic system is ideal for studying crustal formation, mixing, and
differentiation processes because it provides precise age constraints, as well as time-
integrated histories of heat producing and incompatible (during mantle melting)
elements (Gancarz and Wasserburg, 1977; Bodet and Scharer, 2001; Kamber et al.,
2003).

The Pb isotopic system is comprised of two components: common Pb, the
Pb present in the rock at the last equilibrium, and radiogenic Pb (Pb*), Pb that
accumulates from the in situ spontaneous decay of U and Th. Radiogenic Pb is
used to constrain ages of rocks and minerals, while common Pb is used to model
the U-Th-Pb history of a system, determine genetic relationships and provenance
of multiple terraines (e.g., Bellucci et al., 2011; Bodet and Scharer, 2001; Gancarz
and Wasserburg, 1977; Moller et al., 1998). The Pb isotopic system in old feldspars
can be complicated as they may contain domains of variable U/Pb ratios (Bellucci
et al., 2011; Frei and Kamber, 1995; Gancarz and Wasserburg, 1977; Housh and
Bowring, 1991). Variable U/Pb in some old feldspars results in a spread in Pb iso-
topic ratios, which reflect the time at which the feldspar cooled below its closure

temperature (600°C; Cherniak, 1995; Bellucci et al., 2011). Utilizing laser abla-
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tion multi-collector ICP-MS (LA-MC-ICP-MS), each domain of unique Pb isotopic
composition in a given feldspar, or between multiple feldspars, can be measured
potentially providing a Pb-Pb isochron, a temperature constraint, and the common
Pb isotopic composition of a rock.

Crustal xenoliths from the Hannuoba basalt flows and the Nushan Volcano
span three crustal formation/modification events ca. 2.5, 1.8-1.9, and 0.097-0.150
Ga (Huang et al., 2004; Liu et al., 2004). The objective here is to utilize the Pb
isotopic system in feldspars, to model the formation of each crustal event, assess
potential genetic relationships, and determine the thermochronology of the ancient

crust in the NCC.

5.4 Geologic History

The North China Craton has had a complex geologic history and can be divided
into three areas based on age, lithology, and tectonic evolution: the Eastern Block,
Western Block, and the Trans-North China Orogen (TNCO) (Figure 5.1). The
TNCO is comprised of Archean rocks (~ 2.5 Ga) that were re-worked ca. 1.85 Ga
as result of the amalgamation of the Eastern and Western Blocks of the NCC (Kern
et al., 1996; Kroner et al., 1988; Li et al., 2001, 2000; Zhao et al., 2000, 2001; Kusky
et al., 2001). The lithospheric mantle beneath the TNCO is dated to ca. 1.9 Ga in
the north and 2.5 Ga in the south (Gao et al., 2002; Liu et al., 2010).

The Western Block has a surface heat flow higher than most cratons (50-60

mW /m?, Hu et al., 2000; Tao and Shen, 2008) and is comprised of ~45 km of
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Archean aged crust and >150 km of mantle lithosphere (Li et al., 2006; Tian et al.,
2009; Chen, 2010). The most recent thermo-tectonic event in the Western Block
was a N-S continent-continent collision resulting in the formation of the Khondalite
Belt at 1.9 Ga (Lu et al., 1996; Kusky and Li, 2003; Zhao et al., 2005, 2010, and
references therein).

The Eastern Block has a significantly higher heat flow than the Western Block
(>64 mW/m?, Hu et al., 2000; Tao and Shen, 2008) and a thinner crust (30-40
km; Li et al., 2006 and lithospheric mantle (<100 km; Tian et al., 2009; Chen,
2010). Diamond bearing kimberlites erupted in the Eastern Block of the NCC
during the Ordovician also carried refractory garnet peridotites that have Archean
Os model ages (Gao et al., 2002; Griffin et al., 1998; Menzies et al., 1993; Wu et al.,
2006; Zhang et al., 2008). Magmatism has been prevalent in the NCC since the
Early Mesozoic, and some of these volcanoes carry both lower crustal and mantle
xenoliths. Mantle xenoliths carried in Cenozoic basalts erupted in the Eastern Block
were equilibrated at high temperatures, have fertile bulk compositions, and modern
mantle-like Os isotopic compositions (Gao et al., 2002; Griffin et al., 1998; Menzies
et al., 1993; Rudnick et al., 2004; Wu et al., 2003, 2006; Xu, 2001; Zheng et al.,
2006). The difference between the mantle xenoliths entrained during the Ordovician
and the Cenozoic indicates that the old, cold Archean lithospheric root was removed
sometime in the Mesozoic. Studies of the intra-plate magmatism in the NCC indicate
that the lithospheric mantle removal occurred sometime around 220 Ma (Gao et al.,
2004). Lower crustal xenoliths exhumed in the Cenozoic provide a record of the

cratonization at ca. 2.5 Ga, final amalgamation at ca. 1.9 Ga, and the effect of
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basaltic underplating, which followed the removal of the lithospheric keel.

—45°N

40°N

(135°N

s zoz il
100°E 120°E

Figure 5.1: Simplified geologic map of China modified from from Zhao
et al. (2005, 1999). Xenolith localities shown with red markers. 1: Han-
nuoba. 2: Nushan. NSGL: North-South Gravity Lineament; TNCO:
Trans-North China Orogen. Map made by J. Liu.

5.5  Samples
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5.5.1 Hannuoba

The Hannuoba basalts erupted through the northern part of the TNCO (Figure
5.1) ca. 0.014-0.027 Ga (Zhu, 1998). They carried to the surface a plethora of crustal
and mantle xenoliths. Crustal xenoliths have been recovered from two localities:
Zhouba (ZB) and Damaping (DMP), and have been described extensively by Chen
et al. (2001); Fan and Liu (1996); Liu et al. (2001, 2004). The major mineralogy
and depth of origin for the samples in this study are presented in Table 5.1.

The crustal xenoliths from Hannuoba have equilibration temperatures of 725-
900°C (Chen et al., 2001; Fan and Liu, 1996; Liu et al., 2001, 2003). The com-
positional model of the lower crust beneath Hannuoba, based on seismic velocities,
indicate lower crustal xenolith derivation from ~25-40 km depth. The Zhouba xeno-
liths were derived from 25-35 km and consist of meta-sediments (metapelites) and
felsic granulites, which have Archean Nd model ages (2.7 Ga). Based on U-Pb in
zircon analyses they were emplaced into the lower crust ca. 1.8-1.9 Ga and re-
metamorphosed during basaltic underplating ca. 0.120 Ga (Liu et al., 2004, 2001).
They have low Mg #s, and flat to depleted HREE distributions, positive Eu K, and
Ba anomalies, depletions in Th, U, Nb, and Ta.

The crustal xenoliths from Damaping are distinct from the Zhouba xenoliths
in terms of trace element chemistry, mineralogy, and depth of origin. Intermediate
xenoliths derive from ~ 35 km, are large ion lithophile (LILE) and LREE enriched,
have Nd model ages that range between 3.0-1.8 Ga, U-Pb zircon upper intercept ages

of 2.5 Ga and lower intercept ages of 0.08 Ga, and are interpreted as the products
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of fractional crystallization of basalts (Liu et al., 2001, 2004). The mafic Damaping
xenoliths derive from somewhat greater depths of 35-41 km, are depleted in LILE,
LREE enriched, some with positive Eu anomalies, have spurious Nd model ages
(Tpy=1.5-5 Ga) and U-Pb in zircon ages of 0.097-0.150 Ga and are interpreted
to be cumulates from basaltic magmas that assimilated 55-85% pre-existing crustal
material (Liu et al., 2001, 2004). In summary, the samples suite has good depth
constraints, with the felsic granulites being shallowest, followed by the intermediate
granulites, and, at the base of the crust, the Mesozoic-aged mafic granulites, which

formed by basaltic underplating and mixing between new and ancient crust.

5.5.2 Nushan

The Nushan Volcano is located in the Eastern Block of the NCC on the eastern
side of the Tanlu Fault zone (Figure 5.1). The lower crust beneath the Nushan
Volcano has been proposed to be related to the 2.5 Ga crust-forming event that
generated the intermediate granulites from the Hannuoba locality (Huang et al.,
2004). Based on U-Pb zircon ages, the protoliths of the Nushan xenoliths formed
ca. 2.5 Ga and were metamorphosed to granulite facies ca. 1.8 Ga (Huang et al.,
2004). The two xenoliths from Nushan have a mafic-intermediate composition (51-
55 wt.% SiO,), are HREE and LILE depleted, with enrichments in Ba, K, Zr, and
Hf, with no Eu anomalies, Nd model ages (T pys) that range from 3.4-2.4 Ga (Huang
et al., 2004). As such, the Nushan xenoliths are thought to represent crystallized 2.5

Ga basalts that have assimilated more ancient material (Huang et al., 2004). Like
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the Hannuoba location, there was an event of Mesozoic underplating ca. 140 Ma,
which added material to the lower crust (Huang et al., 2004). No Mesozoic aged
xenoliths were available for study here.

Utilizing the in situ feldspar Pb isotopic compositions from these samples we
will shed light on the timing of the last thermal perturbation, the U-Th-Pb history of
the lower crust beneath each volcano, and any Pb isotopic heterogeneities prevalent

in the lower crust of the NCC.

5.6 Analytical Methods

All Pb isotopic compositions in this study were measured following the proto-
cols outlined in Chapters 2-5. Analyses were conducted as lines, with the dimensions

of 150 pum x 350-400 pm.

5.7 Results

Data are reported in Table 5.2 and plotted in Figure 5.2 individual analyses
for each sample are provided in Appendix D. The Pb isotopic trends are mostly
linear in both 2°7Pb/2*Pb vs. 206Pb/2%Ph and 2°8Pb/2%Pb vs. 29Pb/24Pb plots.
The least radiogenic samples are the Nushan granulites, followed by the Hannuoba
intermediate granulites, Hannuoba mafic granulites, with the Hannuoba felsic gran-
ulites being the most radiogenic. This sequence is mirrored in the whole rock Pb
isotopic compositions of Liu et al. (2004). All of the common Pb measurements plot

to the left of the t=0.15 Ga (the last episdoe of crustal formation) Geochron, except
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for one felsic granulite. None of the Pb isotopic compositions plot close to the 2.5
Ga Geochron, which is the hypothesized age of the protolith of both the interme-
diate Hannuoba and Nushan granulites. Individual feldspars in several xenoliths
show a discernible spread in Pb isotopic compositions (DMP-75, DMP-73, DMP-
27, and NS214), but our spatial resolution and analytical precision are too low to
achieve precise ages. However, grouping the Hannuoba intermediate granulites and
felsic granulites yield ages of 1.7 = 0.4 and 2.9 4+ 0.2 Ga, respectively (Figure 5.3
and 5.5). During the analysis of ZB-18 a zircon was intersected during the linear
ablation track, which provides a feldspar-zircon Pb-Pb isochron of 1.7 4+ 0.4 Ga
(20), identical to the U-Pb zircon ages reported by Liu et al. (2004) for other felsic
granulite xenoliths. Using the common Pb isotopic compositions of these xenoliths,
we will model the formation, history, and thermochrology of the lower-middle crust
beneath the NCC to test the formation hypotheses put forth by Liu et al. (2004)

and Huang et al. (2004).
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Figure 5.2: Results for feldspar Pb-Pb isotopic compositions from both
Hannuoba and Nushan Xenoliths. Error bars are 20,,.., of multiple
plagioclase and alkali feldspar analyses, see Table 5.2. Geochrons shown
for t=2.5 Ga, t=1.8 Ga, and t=0.15 Ga.

5.8 Discussion

5.8.1 Origin of the Mafic Granulites

Based on trace element compositions, zircon ages, and Nd-Sr isotopic compo-

sitions the mafic granulites (mafic granulites, 2 px-granulites) were interpreted to
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be a 0.09-0.15 Ga mixture of older material and a Mesozoic basalts of 55-85% (Liu
et al., 2004). The mafic granulites plot to the left of the 0.15 Ga Geochron (Figure

5.2), which requires a preexisting older material mixing with Mesozoic basalts.

5.8.2 Origin of the Felsic Granulites

The felsic granulites are more radiogenic than either the mafic granulites or
intermediate granulites. The feldspar age between the two felsic granulites is 2.9 £+
0.2 Ga (Figure 5.5), which is older than the Nd model ages for these samples (T pas
=2.2-2.4 Ga, Liu et al., 2004). A two point isochron is often not reliable, but we
can rule out mixing in this circumstance because sample ZB-20 is more radiogenic
(29Ph/21Ph=18.5) than the recent Hannuoba basalts (*°Pb/?°Pb=18, Choi et al.,
2008). Therefore, the Pb isotopic composition of ZB-20 is most likely a result of Pb
growth and not mixing. Combining the U-Pb zircon ages of (Liu et al., 2004) and
our mantle extraction age the felsic granulites were formed in the Archean ca. 2.9

Ga, emplaced in the lower crust ca. 1.8 Ga, and re-metamorphosed ca. 0.15 Ga.

5.8.3 Origin of the Nushan granulites

The granulites from Nushan are the least radiogenic measured here. The
more intermediate sample, NS214 shows a range in feldspar isotopic compositions.
The composition of NS201 and the least radiogenic composition of NS214 lie on a

secondary growth Pb growth line of 2.5 Ga-1.7 Ga (Figure 5.4).
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5.8.4 Thermochronology

The intermediate granulites from Hannuoba and one xenolith from Nushan
(NS214) show a range in individual feldspar Pb isotopic compositions (Figures 5.3
and 5.4). The intermediate granuiltes from Hannuoba have similar trace element
chemistry, mineralogy, Nd isotopic compositions, and U-Pb zircon ages, and group-
ing the three yields a feldspar isochron of 1.7 + 0.6 Ga (20, Figure 5.3), which is
comparible to the age of the TNCO and the lithosphere beneath Hannuoba (Gao
et al., 2002; Liu et al., 2010). The intermediate granulites have an almost identical
history to the Nushan Granulites: formation at 2.5 Ga, metamorphism at 1.9 Ga,
and both localities experienced basaltic underplating ca. 0.15 Ga (Huang et al.,
2004; Liu et al., 2001, 2004). Due to the presence of individual domains of Pb iso-
topic compositions in single feldspar grains in the Hannuoba intermediate granulites
and NS214, the temperature at which these rocks resided since ~ 1.7 has evidently
been < 600°C, the closure temperature of Pb in feldspar (after Dodson, 1973 and
using the diffusion coefficients from Cherniak, 1995). This result is in contrast with
the major Pb loss in the zircons from the intermediate granulites. Lead loss in
zircons occurs at ~ 900°C (Cherniak and Watson, 2001), whereas the closure tem-
perature of Pb in feldspar is ~600°C (Cherniak, 1995). Therefore, the presence of
preserved Pb isotopic heterogeneities in the feldspars on the intermediate granulites

is an unexpected and enigmatic result.
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5.8.5 Pb isotopic modeling

The intermediate granulites from Hannuoba and Nushan represent the most
ancient lower crust in the region, and have a well constrained thermal history. Us-
ing a multiple stage Pb growth model, the mantle 23U /?*Pb and and #*Th/?%U
from which the intermediate granulite crust was derived and the #%U/2%Pb and
and ?32Th/*%U of the protolith from 2.5 Ga-1.9 Ga can be constrained. Here we
use a single stage Pb growth model (Holmes, 1946; Houtermans, 1946) using pri-
mordial Pb from the Canyon Diablo troilite (Chen and Wasserburg, 1983). The
Pb isotopic model for the Hannuoba intermediate granulites results in a mantle
2381 /201PD at 2.5 Ga of 8 and a *2Th/?3¥U of 4.3 (Figure 5.3). The isotopic model
for the Nushan intermediate granulites results in a mantle 23U /2%Pb at 2.5 Ga of
8.0 and a ?*Th/?*U of 4.3 (Figure 5.4). Both of the estimates for the Archean
mantle from Nushan and Hannuoba are similar to other estimates of the Archean
mantle (Bellucci et al., 2011; Dupre’ and Arndt, 1990; Chauvel et al., 1993; Zart-
man and Richardson, 2005; Zartman and Haines, 1988). The 233U /2%Pb of the
protolith of the intermediate granulites from Hannuoba between 2.5-1.9 Ga is 7.
The 238U /2%Pb values record a small change in 23U /?"Pb after extraction from
the mantle and indicates a depletion in U at 2.5 Ga (Figure 5.3). The ?*Th/?U
of the Hannuoba xenoliths is constant from 4.57-present with a value of 4.3 (Figure
5.3). The 23¥U /2%'Pb of the protoliths of the intermediate granulites from Nushan
between 2.5-1.9 Ga has two values: 4.2 and 10 (Figure 5.4). The intermediate

granulite shows a strong depletion of U at 2.5 which corresponds to an increase

113



232Th /238U to 9.2 (Figure 5.4).

The felsic granulites from Hannuoba preserve a fossil feldspar Pb-Pb isochron
of 2.9 Ga. Using a simple 2 stage Pb model with extraction from the mantle ca. 2.9
and equilibration with radiogenic phases ca. 0.15 Ga, yields a mantle 23U /2%Ph
of 8.2 and a whole rock 233U /?2%Ph of 7.6 and 9.2 (Figure 5.5). Similarly, the Pb
growth in the felsic granulites can be modeled with a mantle ?*2Th/?%U of 4.3 and
whole rock 232Th /23U of 4.0 and 4.2. The simplicity of this model implies that there
was no additions or subtractions in U, Th, or Pb during the 1.9 Ga metamorphic
event to this section of crust. Both estimates of ?**Th/?3¥U and ?3Th/?**Pb of the
mantle at 2.9 Ga are consistent with other estimates of the Archean mantle (Bellucci
et al., 2011; Chauvel et al., 1993; Dupre’ and Arndt, 1990; Zartman and Richardson,

2005).

5.8.6 Conclusions

The common Pb isotopic compositions of feldspars from lower crustal xenoliths
from Hannuoba and Nushan have been measured via LA-MC-ICP-MS. The common
Pb isotopic composition of the mafic xenoliths from Hannuoba reflect mixing of 30-
70 % of ancient material and newer basalt. The common Pb isotopic compositions
of the felsic xenoliths from Hannuoba record a fossil isochron of 2.9 + 0.2 Ga, which
indicates formation in the Archean. The common Pb isotopic composition of the
xenoliths from Nushan reveal a two stage history with protolith formation at ca.

2.5 Ga from a mantle with a #%U/?"Pb of 8, and evolving from 2.5-1.9 Ga with
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variable 233U /29Ph between 4-10, from 1.7 Ga individual Pb isotopic domains in
sample NS214 evolved with a 28U /2*Pb of 0-2.3. The Pb isotopic compositions
of feldspars from the intermediate granulites from Hannuoba can be modeled with
a similar history, indicating an origin ca. 2.5 Ga. Individual Pb isotopic domains
in the intermediate granulites evolved from 1.7 Ga-present with a 23U /2*Pb of
0-8. The presence of distinct isotopic domains in the feldspars of the Hannuoba
intermediate granulites and the Nushan intermediate granulites indicate they resided
at a temperature of < 600°C since 1.7 Ga in the lower crust, which is in contrast

with the major Pb loss in zircons from these xenoliths that occurred in the Mesozoic.
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Chapter 6
Conclusions

6.1 Pb isotopic analyses

Here I presented a novel approach for measuring in situ Pb isotopic composi-
tions utilizing LA-MC-ICP-MS. Using this method we have shown that the spatial
resolution and precision is enough to discern individual Pb isotopic domains in
feldspars that contain both common and radiogenic Pb compositions, which return
Pb-Pb ages that agree with previous age age estimates of each locality. Using ex-
ternal chronology and the common Pb isotopic composition of a rock the U-Th-Pb
of a system or rock can be modeled. Additionally, if discreet Pb isotopic domains
exist in a single feldspar grain, the feldspar must have resided below its closure tem-
perature (600°C). Therefore, LA-MC-ICP-MS of feldspar grains yields an accurate

Pb-Pb age, a common Pb measurement, and a temperature constraint.

6.2 U-Th-Pb in Archean aged crust

Feldspars from lower crustal xenoliths from three Archean terraines (The Tan-
zaian Craton, the Mozambique Belt, and the North China Craton) with differing ge-
ologic histories have been used to constrain the timing, formation, thermochronom-

etry, and the U-Th-Pb history in each region. The feldspars from the lower crust
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of the Tanzanian craton indicated that the crust lithosphere comprising the cra-
ton was extracted from the mantle at ca. 2.7 Ga, and the lower crust cooled to
a temperature <600°C by 2.4 Ga. Feldspars from the Mozambique Belt indicate
that granulite terrains can be distinguished at depth, an intra-crustal differentiation
event happened ca. 2.7 Ga that enriched the upper crust in U by a factor of 2, the
temperature of the lower crust of the Mozambique belt was elevated above 600°C,
and the edge of the cratonic lower crust has a higher 233U /2°4Ph than the craton,
which could be the reason why the edges of cratons are more willing to deform than
the craton centers. The feldspars from the lower crust of the North China craton
reveal that a 2.5 Ga crust forming event generated a spatially significant amount of
intermediate crust, that was metamorphosed ca. 1.7 Ga, coincident with the final
amalgamation of the craton and has the lower-middle crust has resided at <600°C,
since that time. Additionally, the hypotheses set forth by Liu et al. (2004), whereby
the felsic granulites were Archean and emplaced in the lower crust ca. 1.8 Ga and
the mafic granulites were a product of mixing between ancient and Mesozoic basalt,

were confirmed.
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Appendix A

Forensic and Anthropological Applications

The following appendix and work is in large part collaboration with Dr. Javier
Inanez, who is a post-doctoral fellow at the Smithsonian institute for science. I
pioneered the method to analyze the Pb isotopic compositions of the materials,
collected the data, made the Pb-Pb figures, and interpreted the provenance of the
Pb isotopic data, while Dr. Inanez interpreted the archaeological /anthropological
significance of the samples. These data have been published with the following
citations:

Inanez, J.G., Bellucci, J.J., Rodriguez-Alegria, E., Ash, R.D., McDonough,
W.F. and Speakman, R.J. (2010) Romita pottery revisited: a reassessment of the
provenance of ceramics from Colonial Mexico by LA-MC-ICP-MS. Journal of Ar-

chaeological Science, 37, 2698-2704.

A.1 Introduction

In addition to providing age constraints and insights into a wide variety of ge-
ological applications, the Pb isotopic system can be a powerful tool in archacometry
(archaeological science) and forensics. The Pb isotopic composition of materials is

dependent on the initial Pb isotopic composition, time, geologic history, and the

relative abundances of U, Th, and Pb. The geochemical behavior of U, Th, and Pb
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are largely different, and therefore fractionations during magmatic and metamorphic
processes are large and therefore, resolvable differences in Pb isotopic compositions
are created. The largely different chemical behaviors of U, Th, and Pb result in a
wide variety of current Pb isotopic compositions in geographically diverse regions.
Large, natural variations in Pb isotopic compositions make the the Pb isotopic sys-
tem ideal for understanding the provenance of materials (e.g., Brill and Wampler,
1967; Pollard et al., 2007; Pollard, 2009; Stos-Gale and Gale, 2009, and references
therein). Additionally, utilizing LA-MC-ICP-MS, a large data set can be acquired
rapidly, and combined with other physical, chemical, and isotopic data, Pb isotopic
compositions can fingerprint a wide variety of forensic materials, including, but not
limited to: metals, oxides, ballistic samples, ceramics, and organic materials (e.g.,
human tissue).

Specifically for our study, we are interested in the production of ceramics in
Meso-America during the Spanish colonial period, and where the Pb used to man-
ufacture the glazes originated. Spain and Mexico have largely different geologic
histories with Spain being mostly re-worked pre-Cambrian materials, and Meso-
America’s geology is largely controlled by current ongoing continental arc. There-
fore, the Pb isotopic compositions from each region will be distinct and any mixing,

exchange, and provenance between the two countries will be revealed.
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A.2 Romita Ware

Romita pottery is a Colonial period ceramic found in abundance in and around
Mexico city (Lister and Lister, 1982). Romita wear is covered with a transparent Pb
glaze (wt. % concentrations) and has many typological forms that look European
with traditional European motifs and not traditional Aztec motifs (e.g., corn, eagle,
cactus) (Lister and Lister, 1982). The type of Pb glazing used on the Romita
ware was not present before the colonization of Mexico, so if the Romita ware,
were indeed made indigenously, it would represent a technological jump for the
native peoples. The main question to be addressed is: Were indigenous people
making typologically European ceramics with native Pb? To address this question
we analyzed 8 Romita ceramics, 5 sherds from Puebla, a major production center of
indigenous Mexicanos, and 10 sherds from Spain (Talavera and Seville). Analytical
procedures were outlined in Chapter 2, but instead of a mixed array of Faraday-Ion
Counter, we used all Faraday cups, and sample-standard bracketing with NIST610.
Utilizing this analytical method combined with the large abundance of Pb in the
samples a high degree of both internal and external precision (based on triplicate
analyses of samples) on 2%*Pb/?Pb of 0.05% and <0.1%, respectively. Analytical

conditions are shown in Table A.1.

A.3 Romita Ware Results

Results are shown in Figures A1 and A2 and Table A2. The ceramics analyzed

here are shown along with fields from previously analyzed ceramics from Joel et al.

123



Table A.1. Typical operating conditions for in situ Pb isotopic analyses

Mass Spectrometer

Nu Plasma MC-

Instrumentation: ICP-MS
Forward Power 1300 W
Reflected Power <10 W
Cones Ni
Acceleration Voltage 4000 V
Gas Flows
Coolant 13 L min™
Auxilary 0.8 L min™
Nebulizer 0.77 L min™*
Aridus Gas Flows
Sweep Gas 2.20 L min™
N, 0.15 L min™*
Helium Flow 0.4 L min™*
Laser
Instrumentation: New Wave UP 213

Standard NIST 610 Sample
Line Width 150 ym 6-8 ym
Line Length 350-400 pm 350-400 pm
Translation Rate 7 ym st 7 ym st
Pulse Frequency 7 hz 5-10 hz
Energy Density 4-53cm? 4-53cm?
Typical 2°°Pb V 0.57 1-6

(1988) and ores from Mexcio (Cumming et al., 1979) and Spain (Santos-Zalduegui

et al., 2004).
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A.4 Romita Ware Conclusions

The Pb glaze on the Romita ware’s isotopic composition is clearly of Mexican
origin, and manufactured by indigenous people. The Pb isotopic composition of the
Puebla samples is similar to some of the Romita ware , but largely distinct from the
ceramics recovered at Mexico City. In conclusion, the Pb isotopic composition of the

glaze on the Romita ware indicates production outside Mexico City from indigenous

Pb.
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Appendix B

Achondrite Phosphate Pb-Pb Chronology

The following appendix is the result of a large collaboration to determine the
age and petrogenesis of a pair of unique meteorites. I made the analyses and the
Pb-Pb age assignments of the two phosphate minerals in these meteorites. The final
average and age assignment for the published paper was made by Dr. Richard Ash.
The data was published with the following citation:

Day, J. M. D., Ash, R., Yang, Y., Bellucci, J. J., Rumble III, D., McDonough,
W. F., Walker, R., and Taylor, L. (2009). Early formation of evolved asteroidal

crust. Nature, 457:179182.

B.1 Introduction

Andesite, the average composition of the continental crust, was thought to
only be formed through plate tectonic activity on the planet Earth, but with the
discovery of a pair of differentiated meteorites Graves Nunatak (GRA) 06128 and
06129, subduction was shown not to be the only mechanism by which to generate
andesite (Day et al., 2009). The andesite on the GRA06128/9 parent body occured
through the early partial melting of an undifferentiated, volatile rich parent body
(Day et al., 2009). GRA06128/9 have abundant sodium-rich plagioclase, olivine, two

pyroxenes, phosphates, and sulphides, with a bulk composition of andesite-trachy
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andesite (Day et al., 2009). The apatites and merillites in GRA06128/9 have a
large concentration of U (0.1-3 pg/g) and below detection Pb concentrations in the
sulphide and plagioclase. The absence of common Pb and abundance of U in the

phosphate phases makes them ideal for 2°"Pb/?%Pb dating.

B.2 Method

207ph-206pPh ages were determined using the same trace element method de-
scribed in Chapter 2. The phosphates analyzed were identified using the SX-50
electron microprobe analyzer at the University of Tennessee and the JEOL-8900
Super-probe at the University of Maryland by Dr. James Day. All data reduc-
tion was made offline using Microsoft Excel. Background Pb signals were taken
on mass, and subtracted from each isotopic measurement during ablation. Each
ratio was determined using the background corrected Pb isotopic measurements.
The average and 20,,.q, of the background corrected ratios, after ratios outside 3o
were discarded, were used to determine the age and error for each phosphate. An
exponential fractionation law was used to correct for mass fractionation by means
of bracketing the phosphate analyses with standard reference materials (NIST 610,
NIST 612, BCR-2g). Ratios of 2"Pb/?%Pb for each SRM (Baker et al., 2004) were
used to calculate the fractionation factor (a) (following Jochum et al., 2006). Dif-
ferences in o between the three SRMS had a negligible effect on calculated ages.

The 2°"Ph/?°Pb ages were calculated using Isoplot/Ex (Ludwig, 2003).
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B.3 Results

The results of the Pb isotopic analyses of the phosphates are available in
Table B.1. The weighted mean of ages from the Cl-apatites and Merrilites from
GRA06128 are indistinguishable at 4511418 Ma and 4543+73 Ma (95% confidence
level), respectively (Figure B.1). The weighted mean of ages from the Cl-apatites
and Merrilites from GRA06129 are indistinguishable at 4564460 Ma and 4602461
Ma (95% confidence level), respectively (Figure B.1). Combining the Apatites and
Merrilites from the pair yield indistinguishable ages of 4529+30 Ma and 4578447

Ma (Figure B.1).
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Figure B.1: Weighted means for all age calculations for GRA6128/9

B.4 Discussion

The age of the andesitic meteorite indicates that evolved crustal production

happened in the solar system in the first ~100 Ma.
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Appendix C

Standard Addition

The following work was to undertaken to finish a data set originally compiled
by Jenise Honesto, a University of Maryland Master’s Student and was published
in conjunction with her data in:

Walker, R., McDonough, W., Honesto, J., Chabot, N., McCoy, T., Ash, R.,
and Bellucci, J. J. (2008). Modeling fractional crystallization of group IVB iron
meteorites. Geochimica et Cosmochimica Acta, 72: 2198-2216.

Additionally the method presented here was re-published in a review written
by Dr. Ricardo Arevalo Jr, William F. McDonough, and myself with the following
citation:

Arevalo, R. J., Bellucci, J. J., and McDonough, W. (2010). GGR Biennial
Review: Advances in Laser Ablation and Solution ICP-MS from 2008-2009 with
particular emphasis on sensitivity enhancements, mitigation of fractionation effects

and exploration of new applications. Geostandards and Geoanalytical Research,

34(4): 327-341.

C.1 Introduction

The abundances of the Highly Siderophile Elements (HSE) Ru, Rh, Pd, Os, Ir,

Pt, Re and Au can be used to constrain the conditions of formation of the iron me-
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teorites including pre-accretionary nebular processes, accretion of the parent body,
oxygen fugacity, and crystallization history of the parent melt. The combination
of isotopic analyses (Pt-Re-Os) and high precision abundance analyses (e.g., iso-
tope dilution analyses) of the HSE provide sensitive indicators that allow for critical
testing of these processes as well as establishing co-genetic relationships of samples.
In terms of condensation characteristics, most of the HSE are refractory, with Rh
having a volatility comparable to Mg and Si, Pd being slightly less refractory and
Au being the most volatile. Both Rh and Au are mono-isotopic elements and thus,
high-precision isotope dilution techniques cannot be used for their analyses. Here we
use a standard addition analysis technique with ICP-MS for 10 IVB iron meteorites.

This method yields +6-8.5% (20) precision results for Rh and Au determinations.

C.2 Method

Samples were cut with a diamond-wafering blade using de-ionized water as
a coolant. To avoid cross-contamination the blade was cleaned after each cut by
cutting a piece of carborundum and by changing the cooling water. Each sample was
then manually polished by a separate piece of carbo-rundum. Primary solutions were
created by dissolving ~ 50 mg of iron meteorite in 10 mL of ultra pure aqua regia
and a drop of HF (to prevent precipitation). Complete dissolution was achieved
by heating (~120°C) these mixtures in sealed Teflon vials for 24 hours. These
solutions were subsequently diluted with 90-100mL of 18.2 M2 water and weighed

to ensure the proper dilution factor. Analyses were conducted using a Thermo
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Finnigan Element2 IC-PMS at the University of Maryland.

The meteorites Hoba and Ternera were used to construct calibration curves
for the "Au measurements, while Hoba and Cape of Good Hope were used for
the 1%Rh measurements. The initial Au and Rh calibration solutions contained 2.5
mL of the primary dissolved meteorite solution, 2.5 mL ultra pure 2% HNOs3, and
0.25 mL 10 ppb Yb solution drift monitor in 2% HNOj3. Six standard addition Au
solutions were created from a 100 ppt Au, Pd, Pt, Ir, Rh, Ru solution added at
.05 mL, maintaining a constant volume, which resulted in standard addition curve
of 0 ppt - 50 ppt in 10 ppt increments. Six standard addition Rh solutions were
created with a 10 ppb solution of Au, Pd, Pt, Ir, Rh, which resulted in a standard
addition curve of 0 ppb-5 ppb in increments of ~1 ppb (Figure C.1). For the
remaining samples solutions were created using 2.5 mL of each primary meteorite
solution, 2.5 mL HNO3, and 0.25 mL 10 ppb Yb. External precision for Rh and Au
concentrations in the standards were determined from a drift-corrected calibration
curve. The concentrations of the samples were determined relative to the drift-

corrected calibration curve. Gold and Rh abundances are shown below in Table

B.1.

C.3 Results and Discussion

External precision, based on multiple analyses of Au in Hoba data is <6%
(20, Figure C.2) and is <8.5% (20 or better for the Rh data and compare favorably

with that for neutron activation analysis (Rasmussen et al., 1984; Ryan et al., 1990)
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Table C.1 Concentrations of Rh and Au in IVB Irons

IVB Irons Au 2s Rh 2s
Cape of Good Hope 0.044 0.002 3.5 0.18
Hoba 0.064 0.004 3.54 0.29
Iquique 0.049 0.003 3.41 0.08
Santa Clara 0.091 0.004 3.86 0.15
Skookum 0.105 0.005 3.76 0.23
Tawallah Valley 0.152 0.008 3.53 0.04
Ternera 0.13 0.005 3.96 0.25
Tlacotopec 0.051 0.003 3.43 0.25
Warburton Range 0.111 0.005 3.75 0.08
Weaver Mountain 0.095 0.004 3.61 0.15

and Laser Ablation- ICP-MS (Campbell and Humayun, 2005). Our Au data are
on average 13% lower than Rasmussen et al. (1984) and Campbell and Humayun
(2005) and irreconcilable with that reported by INAA Ryan et al. (1990). Our
standard addition Rh data do not correlate with that reported in Ryan et al. (1990)
or Campbell and Humayun (2005). The precision obtained from this data set is

comparable to that achieved by both LA-ICPMS and INAA (Table B.2)
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Figure C.1: A schematic diagram of the standard addition method used
here, with increased amounts of dopant with the corresponding decreased
amount of sample solution, which maintains a constant volume and ma-
trix.
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Figure C.2: Repeat analysis of the Hoba IVB iron meteorite by the Stan-
dard Addition measured here. The grey box illustrates the 2o, external
precision.
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Table C.2. External Precision for Rh and Au

Method Au Rh
Standard Addition 6% 8%
INAA 4-6% NA
LA-ICP-MS (C&H) 6% 5%
LA-ICP-MS (UMD) 12% 8%
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Appendix D

Data Tables

Data tables in this appendix provide are from analyses of Pb isotopes in
feldspars that are summarized presented in Chapters 2-6. The data tables are ar-

ranged alphabetically by xenolith location and subsequently by sample number.
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