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ABSTRACT

HAFNIUM ISOTOPIC INSIGHTS INTO THE EVOLUTION OF MANTLE
SOURCE CONTRIBUTIONS TO PRIMITIVE LAVAS ERUPTED IN TURKANA,

EAST AFRICAN RIFT SYSTEM

by
Jennifer A. Locke

University of New Hampshire, December, 2008

Compositions of mafic lavas from the Turkana region, within the East African Rift
System (EARS), provide valuable contributions to the understanding of the
significant processes in continental magmatism. Specifically, new Hf isotopic
ratios coupled with new and existing Pb, Sr, Nd, and He isotopic compositions of
- Quaternary and Tertiary lavas from Turkana reveal éompositional contributions
from melt generation processés occurring in the sublithospheric manfle versus
- contributions from melt generation proCesses in the lithosphere. Pb ahd Nd
compositions demonstrate two separate mixing trends within the Turkana lavas,
and together with Sr isotopic compositions, three compositional end-members
are revealed: C-Component, EM1, and HIMU. New Hf isotope ratios of the
Quaternary and Tertiary Turkana samples presented a temporal correlation, in
Hf-Pb space one trend progresses from an EM1-like component to a C-

component over time, while the other trend progresses from a HIMU like



component to an EM1 like component throughout time. Based on compositional
and spatiotemporal relationships, a model is proposed where HIMU is a

lithospheric component, EM1 is a sublithospheric component that acts as an
agent of metasomatism in the lithosphere, and the C-component is a second

sublithospheric end-member likely present as a result of regional plume activity.

Xi



CHAPTER |
INTRODUCTION

Basaltic rock, covering over three-quarters of Earth’s surfaqe, is emplaced
on the surface by melting and transportation processes in lithospheric mantle
and/or sublithospheric mantle. Studying the composition of basalt and the
processes that generate, alter, and transport basaltic magma are essential in
expanding our understanding of the chemistry, physics, and mechanics of the
mantle and capturing the flux of mass and heat through this inner silicate
reservoir to the crust. Rock compositions provide one means to parameterize
the contributions from melt generation and tra‘nsport processes occurring in the
'sublithospheric mantle versus contributions from the lithosphere. The important
~ processes relevant to. melt generation and transportation include the upwelling of
melt within the mantle, mixing of melts from different source regions, stalling of
melt withih magma chambers and the differentiation of melt, fractional
crystallization, partial melting of surrounding material, and assimilafion of
surrounding material (e.g., Vollmer & Norry, 1983; De Mulder et al., 1986; Davies
& MacDondald, 1987; Ribe, 1987; Davidson & Wilson, 1989; Richter & Daly,
1989; Morley, 1994; Simonetti & Bell, 1994; Simonetti & Bell, 1995; Paslick et al.,
1996; Stewart & Rogers, 1996; Davidson & Tepley, 1997; Trua et al., 1999;

Davidson et al., 2001; Spath et al., 2001; and Spera & Bohrson, 2004).



Magma generation in oceanic rifts constitutes a volumetrically important
component of the basaltic magma flux. Accordingly, numerous studies have
provided many insights into the links between the compositions and dynamics of
these basaltic magmas in terms of their generation, transbort, and emplacement
(Hamelin et al., 1984; Prinzhofer et al., 1989; Sun & McDonough 1989; Kelemen
et al.,, 1997; Sims & DePaolo, 1997; Sours-Page et al., 1999; Forsyth & Detrick,
2003; Sours-Page et al., 2003; and Putirka, 2005 among others). In comparison,
the similarities and distinctions of these processes in continental rifts remain less
. well known, even though continental rifts are responsible for basaltic magma
production in the forms of flood basalts, large igneous provinces (LIPs), shield
volcanoes, and smaller flows through vents (e.g., Hart et al., 1989; Pik et al.,
1999; Spath, 2001; Peccerillo et al., 2003; Furman et'al., 2004; Ramos et al.,
2005; Furman et al., 20063; Furman et al., 2006b and many others). Though far
more accessible, our understanding of m'agmatic processes of continental rifting
has in some regards lagged behind, largely due to influences of crustal
overprinting by ass~imvilation. An essential question that remains controversial is
whether continental rift magmatism is from the upwelling of buoyant material from
- the deep mantle, in the form of a mantle plume, or instead from decompressional
melting of the upper mantie as a result of extension of the lithosphere. The
chemical distinction between these separate potential source regions is readily
disguised by crustal overprinting during the ascension of the magma through the
lithosphere. In the last few decades, significant progress has been made in

understanding both the tectonic and magmatic components of continental rifting



processes through use of integrated geochemical, geophysical, and tomographic
methods (e.g., KRISP Working Group, 1995). These techniques, taken together,
‘are more problematically applied in oceanic basins with most of the emphasis on
mid-ocean ridges (e.g., Forsyth et al., 1998; Forsyth & Detrick, 2003; and Yingije
& Forsyth, 2005), as opposed to hotspot or plume related volcanism (e.g., Li et
al., 1990 and Osada et al., 2003).

The,Eaét African Rift System (EARS) is the élassic example of continental
rifting and provides a favorable site to research the processes significant in
continental magma generation (Figure 1). Multiple episodes of basaltic
volcanism have occurred throughout the EARS beginning 45 Ma (George et al.,
1998) through the Quaternary. Several episodes of volcanism include periods of
eruptions producing high volume flood basalts; one specific large eruptive event
occurred around 30 Ma directly before rifting began at about 27 Ma (Schilling et
al., 1992 and Pik et al., 1999). Periods of volcanism and rifting have continued
| up to present day.

The Turkana depression, located between the Ethiopian Plateau and the
East African‘ Plateau (Figure 2), has the thinﬁest lithosphere in the EARS and
therefore the modern lavas that have erupted in this region have traveled through
less lithosphere than in other areas. These lavas are the ideal samples for
looking at mantle sources for this region, and possibly other regions, of the EARS

because they likely have the least continental lithospheric contamination.



Figure 1:

Map of the EARS showing location of the rifts (in bold dashed lines). The two brown
dashed lines outline the two plateaus, and the blue dashed line outlines the Turkana
Depression. Key geological regions are identified on the map.

Previous studies of mafic lavas from the Turkana region by Furman et al.
(2004, 2006a) provided several constraints on the source regions for the lavas
erupting in both the Quaternary and Tertiary. These studies, along with
additional datasets from Curtis (1991), found a mixing trend in the lava



- Border (normal) fault

g ' '
 Map of the Turkana region of the EARS. N.I,, C.1,, S.I., and BR are North Island, Central
Island, South Island, and Barrier Island respectively. After Furman et al. (2006a).

compdsitions between at least two distinct sources. The Tertiary Turkana
samples in general had high 208pp,204pp values that are similar to a HIMU
composition (as defined by Stracke et al., 2005), meaning the lavas have a very
high U/Pb ratio and therefore the samples are enriched in radiogenic Pb. The
origin of HIMU is controvefsial, though the most accepted interpretation is that

the source includes ancient subducted oceanic crust that has been entrained in a



rising plume or melts (Stracke et al., 2005). The Quaternary samples on average
had lower ®Pb/**Pb values that are similar to C-component (as defined by
Hanan & Graham, 1996) which is the most common source for ocean island
basalts (OIBs) and interpreted to have a mantle plume origin.

A seismic low—velocity anomaly has been observed in northeast Africa
below the Afar depression and the Main Ethiopian Plateau and is interpreted to
be at least one mantle plume called the Afar Plume (Debayle et al., 2001). A
separate thermal anomaly has been observed in tomographic studies to be
below the Turkana depression and the Kenyan Rift (Nyblade et al., 2000;
Debayle et al., 2001; and Montelli et al.,, 2004). One hypothesis is that the
volcanism in the Turkana region taps from two mantle plumes (George & Rogers,
2002) that may connect at depth in the mantle.

The previous studies of the Turkana region provide valuable insights to
the compositions erupted, however the origins of these compositions remain
poorly constrained. The purpose of this work is to resolve source contributions
from convectin_g/su‘blithospheric mantle versus those acquired from the
sﬁbcontinental Iifhospheric mantle and determine how these source contribution_s
vary throughout time. This study uses new Hf, Sr, Nd, Pb and He isotopic data of
Quaternary and Tertiary Turkana basalts, coupled with existing Pb, Sr, Nd and
He isotopic data, to reveal the processes and source end-members of the
Turkana region of the EARS, and ultimately will be utilized in integrated
g_eochemical-geophysical/modeling of continental rifting volcanism (e.g., Lin et

al., 2007).



CHAPTERII

GEOLOGIC BACKGROUND

Volcanic and Tectonic Background

The EARS forms a branch of the Afar Triple Junction with the Red Sea
Rift and the Gulf of Aden Rift (Figure 1), stretching about 3000 km N-NE in
northeastern Africa. There are several rift sections that comprise the EARS, from
North to South: the Afar Depression, the Main Ethiopian Rift, the Turkana
Depression, and the Kenyan Rift. The Western Rift is located to the west of the
Kenyan Rift.

The Turkana region has a long history of rifting, first beginning ih the
Cretaceous on the eastern side of Lake Turkana (Morley et al., 1992). Faults
formed in fhe region throughout the Neogene and alternated between being
active and inactive. The first large episode§ of basaltic volcanism in the EARS,
at 45 Ma and 30 Mé, both dccurred in the Turkana and south Ethiopian regions |
(Davidson & Rex, 1980). In the Miocene and up through the Quaternary new
faults opened to the west of Lake Turkana in the Lotikipi Basin and extended to
the southeast (Furman et al., 2006). With seismic tomography other faults can
be observed beneath Lake Turkana, where a large rift structure is apparent and
is considered to be a northern extension of the Kenyan Rift (Dunklemann et al.,
1988; Morley et al., 1992; and Hendrie et al., 1994). The rift beneath Lake

Turkana is a series of half-grabens along the length of the lake, each graben is



approximately 20 km long and 10 km wide (Dunklemann et al., 1988). Ebinger
et al. (2000) inferred that rifting of the EARS began in the Turkana region after‘
the ﬂood basalts at 30 Ma, then rifting propagated to the north and south forming
the Ethiopian Rift and the Kenya Rift.

- The Turkana depression rift is about 150 km wide, three times wider than
other regions of the EARS (Morley et al., 1992). Most of the volcanism that took
place in the Quaternary was along the axis of the rift beneath Lake _Turkana,
while the Tertiary volcanism was much more widespread (Figure 2). Simple
models émploying decompressional melting wi‘th adiabatic upwelling of
subcontinental lithosphere cannot uniquely explain the mechanism of magma
generation because the episodic nature of the rifting that occurred in the Turkana
region did not produce enough extension per rifting episode (Ebinger & lbrahim,
1994; Hendrie et al., 1994; and Furman et al., 2006). Also, the chemical data of
- the Turkana lavas are heterogeneous and are not entirely chemically consistent
with derivation of nﬁantle that produces M’ORB. Instead, geochemical,
geophysical, and géological data are consistent with the concept that the
volcanvism from the Miocene throﬁgh the Quaternary is due to increased mantle

temperatures, likely from an emplaced mantle plume (Furman et al., 2006a).

Mantle Plume Activity in the EARS?

The low-velocity seismic anomaly below the Afar depression attributed to
the Afar Plume (Debayle et al., 2001) along with the thermal anomaly below the

Turkana depression and the Kenyan Rift (Nyblade et al., 2000; Debayle et al.,



2001; and Montelli et al., 2004), may in fact be part of an even larger structure at
depth. Some studies hypothesize that the Ethiopian and East African Plateaus
are part of a larger geological entity that also encompasses the Southern African
PIateau and the southeastern Atlantic Ocean Basin; this feature is referred to as
the African Superswell (Nyblade & Robinson, 1994; Nyblade et al., 2000; and
Nyblade, 2003). The volcanism and rifting in eastern Africa and heat flow
measurements of southern Africa indicate that each component of the
Superswell is at least in part, if not entirely, due to a thermal perturbation to the
lithosphere (Nyblade & Robinson, 1994; Nyblade et al., 2000; and Nyblade,
2003).

The anomaly responsible for the So’uthern African Plateau is not as clear
as the seismic data of the Afar plume below East Africa. However, it seems that
the three separate anomalies comprising the Superswell have a common origin
at depth in the mantle. Nyblade et al. (2000) proposes that the Southern African

Plateau is a remnant uplift from a Mesozoic mantle plume. These proposals are
consistent with the hypothesis that the C-componént and/or the H|MU-Iike

signatures in the Turkana region are from a deep mantle source.

Turkana Sample Petrology

To minimize chances for crustal overprinting, this study employs primitive
samples that are the least likely to have crustal signatures. Within the high MgO
suite, Tertiary and Quaternary Turkana samples contain alkaline and subalkaline

compositions (Table 1). The Quaternary samples, generally less alkaline



Table 1:
Location and compositions of Quaternary and Tertiary Turkana samples. * Ages used for
correction from Ochieng' et al. (1988), except samples KJ 16 and LGP 607 from Furman

et al. (2006) analyzed by R. Duncan.

Quaternary: : ;
Sample Location Lang N} Lat {E} Age {Myr)*  Rocktype  Alk Index Si0; (wt %) MgO (wt. %)
BR-I5 Barrier Island. © © 2.63 Jb.6 <1 Basalt =0.80 47.40 13.10
BR-33 Barrier lsland - - 2.63 368 <1 Basalt 0.58 46.50 7.06
CHIBB  |Centrallsland 35 3605 < Trachy-basalt 1.40 48.98 584
08B Centrallsland : .- 3.5 36.05 <1 Basalt 1.14 47.56 6.15
CHO0A Central Island 35 36.05 <1 Basalt 1.28 47.80 564
CL31 Central lsland 35 3605 <1 Basalt 0.54 4626 10.10
Ci32 Central Island 35 36.05 <1 Picro-basalt 0.685 43.70 9.63
KCH-16  |South Island 263 3656 <1 Basalt 0.11 45 &0 5,80
KCH-19 South Island 283 366 <1 - - - -
5115 South island 2.83 366 <1 Basalt 1.48 46.93 7.25
5i-208 South island 2.63 368 <1 Basalt -0.05 46.20 14.10
Sl-24 South island -+ 2.63 366 <1 Basalt 0.75 48 51 11.57
LGP 92-11 |Longipi 262 366 - = - - -
LGP 667 Longipi 262 356 15 Tephrite basanite -~ 3.21 42.48 12.08
LGP 36 Longipi 262 03675 25 Tephrite basanite.  3.50 42 86 11.48
LGP 39 Longini 252 J6.75 25 Trachy-basalt 2.75 4573 1017
Tertiary: . ,
Sample Lecation Long ("M} Lat CE} Age (Myel* - Rocktype - Alk Index SOy fwt. %) MoQ (wt. %)
K Kajong 3 3686 39 Foidite 5.28 40.78 8.08
KJ 18 Kajong 3 366 342 Baszalt 1.84 471 9.54
LOR 86-23B Loriyu 2 35.3 - - - - -
KL 18 Kulal 272 36.93 3 Basalt 152 4637 7.3
JRG 03 Jarigole 38 36.25 - : - - = -
JRG 07 Jarigole 36 36.25 20 Basalt 0.55 4551 14.34
JRz 10 Jarigole 36 36.25 20 Picro-basalt 0.7 43.90 2237
JRG 12 Jarigole 3.6 36.25 20 Picro-basalt 0.48 4248 2855
PORR 404 - - |Porr 25 3655 35 Tephiite basanite- - 4.78 44 07 §.50
-|PORR 602 - - |Pon 29 36.55 3B Tephrite basanite. - 4.B1 44 87 B 5 7
PORR 808 - {Pon 28 3655 35 Tephrnite basanite | 291 43.62 8.59

(Furman et al., 2004, 2006a), have basaltic, picro-basaltic, trachy-basaltic, and
tephrite basanitic compositions (Figure 3) (Furman et él., 2004). The Tertiary
samples more diverse with basalt, picro-basalt, tephrite basanite, and foidite
compositions (Furman et al., 2006a).

The majority of the Tertiary and Quaternary Turkana samples in this study
have MgO cohtents between 6 and 14 wt. %, however a few Tertiary samples
(JRG 07, JRG 10, and JRG 12 from Jarigole) have MgO >14 wt. %. These high

MgO levels are interpreted to result from olivine accumulation (Furman et.

10



Na,0 + KO (wt. %)

IO, (wt. %)

ZE:IT: ?/:ersus (silica weight percent of Quaternary and Tertiary Turkana samples
(Furman et al., 2004 and 2006a).

al., 2004, 2006a). ‘Trace élement data have been used £o constrain source
mineralogy contents in Turkana lavas (Furman & Graham, 1999; and Furman et
al., 2004, 2006a). Elevated Ba/Rb coupled with low Rb/Sr is indicative of
hydrous phases (such as amphibole) in one of the source components. High
values of Ba/Th with low Th concentrations for several samples also indicated

metasomatic processes were involved in the melt region (Furman et al., 2004,

2006a).

11



Petrography and Mineral Compositions

The Tertiary and Quaternary samples are massive to vesicular with
olivine, plagioclase, and/or pyroxene phenocrysts. The groundmass is micro-
crystalline with the same mineralogy as the phenocrysts with trace amounts of
oxides. For complete detailed sample descriptions see Appendix A. Olivine
phenocrysts of five Quaternary and Tertiary samples were analyzed for major
element compositions on a JEOL JXA-733 Superprobe at the Electron
Microprobe Facility in the Center for Geochemical Analysis at Massachusetts
Institute of Technology (MIT). An example of the data collected is shown in
Table 2 for sample JRG 07, and an example of the microphotograph with points
analyzed is shown in Figure 4 (for all data and microphotographs see Appendix
B). Many Quaternary and Tertiary samples contained olivine phenocrysts with
rims that have distinct compositions compared to the cores. A few samples, both
Quaternary and Tertiary, lacked this zonation. The cores of the olivine
phenocrysts had a rangé of forsterite compositions between Fogs to Fogg (Figure
' 5 data in Appendix B). Olivine rim compositions were as low as Foss, but the
majority rim compositions ranged from Fogs to Fozs. High total el‘emenrt weight
percents (>98.5 %) imply that these compositional variations are not due to
surface alteration, instead the wide range of compositions is likely due to magma
fnixing. Nickel content of the olivine phenocrysts varied between 0.16 to 0.33 wt.
% NiO in the cores and 0.10 to 0.29 wt. % NiO in the rims (Figure 5, data in
Appendix B). NiO-Fo relationships have previously been used in basalts to infer

the lithology of the source region (Sobolev et al., 2005). In the Turkana samples,

12



Table 2:
Example table of microprobe data from JRG 07 olivine cores and rims. Data of all
olivines analyzed are reported in Appendix B. The cores have very homogeneous

compositions and therefore the averages of the cores are used, the rims have diverse
compositions and therefore each data point is interpreted individually.

Fo% NiD wt. %

Sample  Mineral # |Measured Average Std. Dev. |Measured Awverage Sid. Dev. | Totals %
CORES: _ _
JRG 07 2 87.8 0.40 99.1
JRG 07 2 87.6 0.31 99.1
JRG 07 2 87.2 , 0.35 93.9
JRGOT 2 g7g o6 03 | gae 036 004 1 g
JRG 07 2 B7.5 0.39 99.4
JRGOT 2 B87.7 0.32 890
JRG 07 pd B75 0.29 935
JRG 07 2 B7.3 0.31 . 100.0
JRG 07 2 877 b7.5 02 0.32 0.31 0.0 895
JRG 07 2 87.6 0.32 99.1
RIMS:

JRG 07 2 81.56 0.31 100.1
JRG 07 2 80.14 0.26 99.1
JRG 07 2 83.61 0.23 98.9
JRG 07 2 80.71 ‘ 0.28 99.§
JRG 07 2 63.07 g ) 0.16 i ! 98.7
JRG 07 2 63.76 0.17 95.9
JRG 07 2 65.25 0.16 99.9
JRG 07 2 71.98 0.20 993

elevated NiO contents in Fo-rich olivines (e.g., JRG-07 from Jarigole and sample
Sl-24 from South Island) are consistent with derivation from a mantle source
region rich in pyroxene (Sobolev et al., 2005).

Four Quaternary and Tertiary samples were chosen to analyze pyroxene
phenocrysts for majqr element compositions with the electron microprobe at MIT.
Several grains, Quaternary and Tertiary, showed zonations, some oscillating
from core to rim, while others showed random patterns of zones. An example Sf
the data collected is shown in Table 3 of sample KCH-19, and an example
microphotograph with points analyzed is shown in Figure 6 (for all data and

microphotographs see Appendix C). The compositions ranged from
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IRG 07 - olivine mineral 2

Figure 4:

Example microphotograph of olivine #2 of JRG 07. To see all microphotographs of
olivines analyzed see Appendix B. Triangles represent points measured of the core,
with the average forsterite compositions shown for the two groups measured. Dots
represent points measured of the rim, with forsterite compositions shown for each point.

0.5

4 BR-05 cores
@ BR-05 rims

#.C1-31 cores

‘,55': L5524 vores
§ 03 @ Si-24rms
0 ARG 07 cores
= & JRGO7 nims

02. AJIRG10 cores

0.1 - :

i 8 81 83 85 87 as o
~ mole% Forsterite

Figure 5: »

Forsterite composition versus nickel weight percent of Quaternary (BR-05, CI-31, and
SlI-24) and Tertiary (JRG 07 and JRG 10) Turkana olivine. Triangle symbols represent
the core compositions of the olivine crystals, the dots represent the rim compositions.
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Table 3:

Example table of microprobe data from KCH-19 pyroxene #4 transects. For data of all
pyroxenes analyzed see Appendix C. The end-member compositions of enstatite (En),
ferrosilite (Fs), wollastonite (Wo), and other (jadeite and CaTs) are shown (see Appendix
C for more complete explanation). The end-members En, Fs, and Wo are then re-
normalized in the far right column. Fe* = Fe + Mn.

End-member mole perceniages Mormalized end-members
Sample Mineral# Point# | En{Mg) Fs(Fe®} Wo(Ca) Other | En{Mg} Fs{Fe'} Wo(Ca)
KCH-19 lm 4 1a 4237 8.86 41.07 7.70 45.91 959 - 4449
KCH-1% [ 4 Za 4114 .80 4240 767 44.56 853 4592
KCH-18 4 3a 4215 8.94 41.45 7.46 45.55 9.66 4473
KCH-13 4 4a 4302 8.14 4030 7.54 46.53 9.89 43.58
KCH-1§ 4 La 4594 737 4629 £.40 43.08 7.88 43.04
KCH-183 4 Ba 49.96 8.87 4169 748 45.35 959 4505
KCH-18 4 fa 38.59 12.70 41.58 713 4155 13.68 4477
KCH-1% 4 1b 3672 14.73 43.76 579 37.92 15.64 46.45
KCH-15 4 2h 39.86 1251 4326 3.96 41.51 13.45 45 05
KCH-18 4 3b 4377 528 4233 463 4589 8.73 44 38
KCH-15 4 4b 4283 526 42 33 5.68 4518 9.83 44.98
KCH-18 4 5h 43.60 9.96 41.82 4.62 4571 1045 4384
KCH-18 4 6b 43 58 10.08 4239 3.93 4538 10.50 4412
KCH-19 4 b 4157 9.28 41.26 7.88 4513 10.08 44.73
KCH-19 4 8b 43.04 9.29 3883 7.85 46.70 10.08 4322
KCH-18 4 9b 4186 81 41.67 7.26 4524 983 44 93
KCH-18 4 10b 42 .68 872 41.48 712 45.95 §.39 44 66
KEH-19 4 11b 4276 B.I7 41.58 683 45.92 9.42 44.66
KCH-15 4 12k 41.77 8.68 42.21 7.3 45.08 9.36 45.56

36.6 to 48.6 mol. % enstatite (MgSiO3), 7.7 to 18.3 mol; % ferrosilite (FeSiOs3),
and 41.7 tov 47.4 mol. % wollastonite (CaSiOs), all of which fall into the diopside
or augite compositions (Figure 7, data ih Appendix C). The complex zonations
observed make the pyroxenes impractical for thermobarometric analysis (e.g.,

Putirka papers).
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KCH-19 - pyroxene
grain 4

Figure 6:

Example microphotograph of pyroxene #4 of KCH-19. Microphotographs of all
pyroxenes analyzed are in Appendix C. The yellow points show transect “a” analyzed,
and the orange points show transect “b” analyzed (Table 3). The re-normallzed enstatite
end-member composition is shown for each point as an example of how the composition
changes spatially. For complete compositions see Table 3 and/or Appendix C.

CaMgSi O, CaFeSi,O,

MgSt03 FeSiO,
Enstatite ‘ Ferrosilite
Figure 7:

Normalized clinopyroxene compositions of Quaternary and Tertiary Turkana lavas
(shown in the light blue oval), using classification of pyroxenes from Morimoto (1988).
The diopside, hedenbergite, and augite compositions are shown in grey.
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CHAPTER Il
METHODS

Sixteen Quaternary and eleven Tertiary mafic basalts were selected from
T. Furman’s collection at Pennsylvania State University. Nearly all of the
samples chosen fér this study have trace and major element datasets from
previous work by Fﬁrman et al. (2004, 2006a), and many of the samples have
been characterized for Sr-Nd and/or Pb}isotopic compositions (Curtis, 1991 and
Furman et al., 2004, 2006a). This study measured Hf isotope ratios of twenty-two
samples, the other five samples were measured by T. Rooney at San Diego
State University (Table 4). When necessary to complete the dataset, Sr, Nd
and/or high precision Pb analyses were undertaken (Table 4). Several samples
with previous data were reanalyzed to assess the reproducibility amongst the
separate datasets.
| The samples were crushed to <100 uym chips in a stainless steel mortar
and pestle. Clean chips were picked out for analysis and leached first in dilute
HCI and then in dilute HBr. The chips were then digested via processing with a
HF-HNO3; mixture, and then HNO3z and HCI| were used to drive off fluoride
precipitates. Sr, Nd, Pb, and Hf were isolated via ion exchange chromatography.
Clean olivine phenocrysts were picked from the crushed samples and sent to D.
Graham at Oregon State University for helium isotopic analyses. Complete
procedures of sample preparation, dissolution, and element separations by ion

exchange chromatography are reported in Appendix D.
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Table 4:

Measured isotopic compositions of Quaternary and Tertiary Turkana lavas. * From T.
Rooney et al., unpublished data. ' From Furman et al. 2006 analyzed by D. Graham.

MEASURED VALUES:

Quaternary: :

Sample TEOHETTHE Md MNd TS Sr PP P Ph PoA™Ph RIRa
BR-05 0.283028 0512905 0.703276 392030 155992  19.3815

BR-33 0.283017 0512913 0703280 392773 155977  19.4672
cl-08B 0.283035 i p - - -

Cl-09B 0.283035 - - - - -

Cl-10A 0.283020 : - - - -

Cl-31 0.283028" - : - - <

Cl-32 0.283032 - - - - -

KCH-16 0.283034 0.512919 - 33.0025 155792  19.2188
KCH-19 | 0.283034 0512929 0.703092 39.3062 156106  19.4932

5115 0.283022 = - - . - -

51208 0.283024 - - - - + 6.45
5124 0.283029* - - - - -

LGP 92-11 | 0.283006 0512900 0.703156 39.2479 156126  19.4458 2389
LGP 607 0.283006 z - 39.0933 155953  19.3006

LGP 36 0.283005 - . 39.0985 155891 19.3213

LGP 39 0.282985 - - 39.0613 155972  19.2699
Tertiary: _

Sample TOHETTHE NN TS PP PP P Po™Pb R/Ra
K1 0.282926 - E 40.0599 157481 205117

KJ 16 (.282964 - - 38.6912 155846 18.8425

{LOR 86-23B | 0.282910 0512716 0703767 38.2183 155588  18.4609

KL 18 0.282798 - - 39.8228 157623  19.9212

JRG 03 0.282894 0512821 0.703119 400632 157308  20.4508
JRGO7 | 0282381 - - - : - 6.26'
JRG 10 0.282889 - - - - - 6.59"
JRG 12 0.262862* - - . - - 6.15"
PORR 404 |0.282930* - - - - -

PORR 602 | 0.282950 - s 39.9404 156822  20.1066

PORR 606 | 0.282922 - 40.0004 157475  20.4843

Nd, Pb, and Hf isotopes were measured on the Nu Plasma 1700
multicollector inductively coupled plasma mass spectrometer (MC-ICP-MS) in the
Baylor Brooks Institute for Isotope Geology in the Department of Geological

Sciences at San Diego State University (Table 4). The TI-doping technique was

18



used to correct the standards isotopic values for Pb analyses using NIST SRM
997 Tl (White et al., 2000; and Albaréde et al., 2004) and 2°°TI/2%*T| = 2.3889
(Thirlwail, 2002).  Within-run fractionation of sample isotopic values was
corrected by using standard-sample-standard bracketing and a delta correction
using NIST SRM 981 Pb and values from Todt et al. (1996). The NIST SRM 981
Pb standard was run seven times throughout the fifteen samples run, the
averages of the measurements are 2%Pb/?%Pb = 17.238 + 0.002, 207Pb/zo“Pb =
15.906  0.002, and ®®Pb/2%Pb = 38.013 + 0.007. The Tl-corrected NIST SRM
981 Pb standard measured averages are 2°Pb/2%Pb = 16.9417 + 0.0008,
207pp/2%ph = 15.4984 + 0.0008, and 2°Pb/"®Pb = 36.7217 + 0.0029. For a
complete list of standard measurements and averages see Appendix E.

Nd and Hf isotopic measurements were corrected for instrument drift using
standard-savmpIe—standard bracketing. The AMES Nd standard, run eight times,
averaged '®Nd/"Nd = 0.512111 £ 0.000005. A La Jolla standard was
measured between standards with a corrected value of 1Nd/"Nd = 0.511840 +
0.000003. Within run fractionation was corrected for using "*Nd/"*Nd = 0.7219.
The JMC 475 Hf standard was measured twenty-two times, throughout the
analyses, and averaged '®Hf/'"Hf = 0.282141 + 0.000002. The eng and £u
values were calculated using the chondritic uniform reservoir (CHUR) values of
143Nd/'*Nd = 0.512638 and ""°Hf/'T7Hf = 0.282772.

Sr isotopic values, reported in Table 4, were measured with a VG Sector
54 thermal ionization mass spectrometer (TIMS) at San Diego State University.

The Sr isotopic values were corrected for fractionation using thé NIST SRM 987
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Sr standard. The standard, run eleven times, averaged #’Sr/%°Sr = 0.710237 +
0.000005. For consistency between other datasets, data reported in Table 4 are
normalized to 0.710250.

The initial Pb and Hf isotopic values were calculated for samples older
than 1 Ma (Table 5) using U-Th-Pb and Lu-Hf concentrations from Furman et al.
(2004 & 2006). Three samples (LGP 92-11, LOR 86-23B, and JRG-03) do not
have trace element data or ages; therefore initial values were not calculated.
However the difference between the initial versus measured values are not
significant for other similar samples, and therefore the measured values are used
for diagrams and discussion. The only three samples older than 1 Ma and
analyzed for Sr and Nd isotope ratios are the same three samples (LGP 92-11,
LOR 86-23B, and JRG-03) with no trace element concenfrations or ages, thus
measured values are used for Sr and Nd ratio values in diagrams and
discussion.

Table 5:

Age corrected isotopic compositions of Quaternary and Tertiary Turkana lavas.
AGE CORRECTED VALUES: '

Quaternary: o ,
Sample TR TTHE 2P Ph HppMph P pptep
LGP 807 0.283006  38.87 15.59 19.29
LGP 38 0.283005 3891 15.59 19.31
LGP 38 0.282984  38.89 15.60 19.26
Tertiary:
Sample T THE 2PPeAMPh TP Ph pe P
KJ1 0.282921  39.56 15.75 20.33
KJ 16 0.282958 3856 15.58 18.79 .
KL 18 | 0282796  39.72 15.77 19.92
JRG 07 0.282878 - - -
[9RG 10 0.282885 i : .
JRG 12 0.282858 - - -
PORR 404 | 0.282924 - . .
PORR 602 | 0282945  39.77 15.68 19.96
PORR 606 | 0.282917  39.90 15.72 20.29
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CHAPTER IV

RESULTS AND DISCUSSION

Source Contributions and Temporal Constraints

Hafnium isotopic concentrations of the Turkana lavas examined in this
study ére radiogenic, with €y ranging from enrichments of +1.0 to +9.5 when
_compared with the chondritic reservoir. When evaluated with 2°Pb/2%Pb, &
data reveal two distinct mixing trends (Figure 8a,b). One trend includes the
Quaternary samples clustered at high €y values (between 7 and 9.5) and mid-
‘range 2®°Pb/**Pb values (about 19.5), with two Tertiary samples at lower €y (6.5
and 5) and lower *®Pb/2*Pb (18.75 and 18.5) values that trend towards the
Quaternary compositions. The Quaternary samples with mid-range 2®Pb/***Pb
compositions have isotopic compositions similar to a C-component composition;
accordingly, the two Tertiary samples and the Quaternary samples in this group .
will be referred to as the “C Trend” throughdut the rest of this discussion.‘ The
rémaining Tertiary samples form a separate mixing trend that extends from low
up to mid-range &4 (1 to 6) and mid-range up to radiogenic 2°°Pb/2**Pb values
(about 19.9 to 20.5). The Tertiary lavas with the high 2®Pb/***Pb compositions
are similar to, or approach, a HIMU-like component. Accordingly, these Tertiary

samples will be called the “HIMU Trend” throughout the rest of this discussion.
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Figure 8:

&y versus 2%®Pb/2Pb with age correlations in Turkana (a) and with Turkana related to
world wide OIB data (b). Light blue circles represent Quaternary lavas, the blue and red
squares represent Tertiary lavas. Galapagos field data are from Blichert-Toft & White
(2001), all other OIB field data are from Salters & White (1998) and Chauvel & Blichert-

Toft (2001).
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In Pb-Hf space two temporal trends for the two mixing lines are observed
(Figure 8a), the older Tertiary C Trend samples have lower £ and Pb isotope
values than the Quaternary (note: LOR 86-23B. has an unknown age, it is also
commonly an outlier in other isotopic compositions) and the older Quaternary
’samples have lower €5 than the younger Quaternary samples. The HIMU Trend
has an age correlation in the opposite direction of the C Trend and Quaternary
samples. The oldest HIMU Trend samples have the highest g and Pb isotope
values and the youngest have the lowest e and Pb isotope values.

Examination of Turkana Quaternary and Tertiary Hf-Pb relationships in
comparison with ocean island basalt (OIB) fields further support interpretations of
magma sources (Figure 8b). The comparison reveals an overlap of the
Quaternary samples with the central Galapagos, plume-related basalts
interpreted to result from a source region rich in C-component (Blichert-Toft &
White, 2001). Turkana C Trend samples fall in a group overlapping the Central
Galapagos compositions and trend towards the Societies. The Turkana HIMU
Trend, on the other hand, is offset from the Australs and St. Heléna suites, both
of which are interpreted to be associated with a HIMU mantie soufce (Hemond et
al., 1994; and Ballentine et al., 1997).

The Quaternary and Tertiary Turkana Hf data and Nd isofopic
compositions are positively correlated (Figure 9a,b). This relationship is
commonly seen in mantle-derived basalts and is inferred to result from both Lu
and Sm being incompatible elements. The incompatibility leads to partial melts

of the mantle enriched in Lu and Sm compared to Hf and Nd, resulting in more
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Figure 9:
Eys VErsus €yg With age correlations in Turkana (a) and with Turkana related to world wide
OIB data (b). Symbols and referenced datasets as in Figure 8.
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isotopic compositions of Hf and Nd. Quaternary lavas are clustered with high
radiogenic values, while the Tertiary samples have a much wider range. In Hf-Nd
compositional 'space the temporal relationships are apparent within each trend,
with the older samples more depleted and the younger samples more enriched
(Figure 9a). |

Figure 9b provides a comparison of eng versus Enf for the Turkana Tertiary
and Quaternary lavas with OIB fields. Again the Quaternary samples overlap the
central Galapagos and the C Trend samples trend toward the central Galapagos
field and overlap the Kerguelen field. The HIMU Trend is near and/or overlaps
Kerguelen, the Australs, and St. Helena.

Turkana Hf and Sr isotopic data demonstrate a weak negative correlation
(Figure 10a,b). As noted above with Hf-Pb relationships, Hf-Sr characteristics of
the Quaternary “C-Trending” samples overlap with the Central Galapagos
samples and have less radiogenic Sr values than the Ke‘rguelen field. The Hf-Sr
signatures in the HIMU Trend Turkana samples approach those documented in
the Australs and St. Helena fields (with the exception of KL-18 from Kulal). The
clearly distinctive Sr isotopic signature of the Kerguelen group when compared to
the Turkana lavas imply that the source regions responsible for the volcanism in
these two distinct geographic areas represent two different time-integrated
histories of formation. The nonradiogenic Sr signatures in Turkana imply that,
unlike in the case of Kerguelen, Turkana lavas are not representative of recycled

continental lithosphere (Mattielli et al., 2002).
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Figure 10:
s versus ¥Sr/®Sr with age correlations in Turkana (a) and with Turkana related to
world wide OIB data (b). Symbols and referenced datasets as in Figure 8.
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New Pb and Nd isotope ratios of Quaternary and Tertiary Turkana basalts
complement the dataset reported by Furman et al. (2004, 2006a). Pb-Nd
isotopic relationships also identify two distinct trends, following the same
grouping of samples that is evident in the Pb-Hf relationships (Figure 11). As
with the Hf-Pb relationships, the Quaternary samples cluster together in Pb-Nd
composition near the C-component field with the two Tertiary values forming the
C Trend mixing line. The HIMU trend form a mixing line that approaches the
HIMU field as defined by Stracke et al. (2005). Relationships between the Pb
isotopic signatures provide similar results as Pb-Nd isotopic data (Figures 12 and
13), though with the consideration of Pb alone, it is more difficult to distinguish

the C Trending Turkana samples from those trending towards HIMU.

Regional Recurrence of Isotopic Signatures Observed in Turkana
Consideration of other regions within the EARS with the Turkana Pb and

Nd isotope ratios reveals that the two mixing trends may be more extensive
throughout the EARS (Figures 14, 15, and 16). Some regions trend towards the
C-component field similar to the Quaternary samples and C Trend, while other
regions trend towards the HIMU field similar to the HIMU Trend. The Turkana C
Trend and Quaternary samples overlap with MER and patrtially overlap with the
Afar Depression. The Turkana HIMU Trénd samples overlap with the South

MER and the North Kenya Rit.
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Figure 11: '
206ph204ph versus “*Nd/'**Nd with Turkana lavas related to C-component (the light blue

. field) and HIMU type (the red field) compositions. Symbols are same as in Figure 8. The
Quaternary lavas with the C Trend Tertiary lavas form a mixing line with a C-component
end member and the HIMU Trend Tertiary lavas form a separate mixing line with a HIMU
like end member. Some data points from Furman et al. (2004, 2006a) (Tables 4 and 5).
C-component and HIMU fields are modified from Stracke et al. (2005).
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Figure 12:
205pp/2%*Ph versus 2°’Pb/2Pb with Turkana lavas related to C-component and HIMU

type compositions. Symbols are same as in Figure 8. Referenced data are as in Figure
11. The Quaternary lavas with the C Trend Tertiary lavas form a mixing line with a C-
component end-member, and the HIMU Trend Tertiary lavas have a HIMU like

component.
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Figure 13:

29pp/2%Ph versus *°Pb/?Pb with Turkana lavas related to C-component and HIMU
type compositions. Symbols are same as in Figure 8. Referenced data are as in Figure
11. The Quaternary lavas with the C Trend Tertiary lavas form a mixing line with a C-
component end-member, and the HIMU Trend Tertiary lavas have a HIMU like
component.
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Figure 14:

205pp/2%Ph versus *Nd/"**Nd with Turkana lavas related to other EARS regional data.
The Quaternary and C Trend Tertiary Turkana lavas have similar compositions to the
Afar Depression and the Main Ethiopian Rift (MER) and the HIMU Trend Tertiary
Turkana lavas have a similar composition to the North Kenya Rift. Some Turkana data
points from Furman et al. (2004, 2006a). HIMU and C-component fields after Stracke et al.
(2005). Afar Depression field data are from Barrat et al. (1998), Betton & Civetta (1984), Deniel
et al. (1994), Hart et al. (1989), and Vidal et al. (1991). MER field data are from Furman et al.
(20086), Hart et al. (1989), Peccerillo et al. (2003), Stewart & Rogers (1996), and Trua et al.
(1999). Southern MER field data are from George & Rogers (1999), and Stewart & Rogers
(1996). Northern Kenya Rift field data are from Bell & Doyle (1971), Class et al. (1994), Clément
et al. (2003), MacDonald et al. (1995), Norry et al. (1980), Rogers et al. (2000), Rogers et al.
(2006), Simonetti & Bell (1994), and Simonetti & Bell (1995).
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Figure 15:
208pp294pp versus 2’Pb/?**Pb with Turkana lavas related to other EARS regional data.

The Quaternary and C Trend Tertiary Turkana lavas have similar compositions to the
Afar Depression and the Main Ethiopian Rift (MER), and the HIMU Trend Tertiary
Turkana lavas have a similar composition to the North Kenya Rift. Symbols and

referenced data are as in Figure 14.
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Figure 16:
29%pp2%Pp versus 2°°Pb/?**Pb with Turkana lavas related to other EARS regional data.

The Quaternary and C Trend Tertiary Turkana lavas have similar compositions to the
Afar Depression and the Main Ethiopian Rift (MER), and the HIMU Trend Tertiary
Turkana lavas have a similar composition to the North Kenya Rift. Symbols and

referenced data are as in Figure 14.
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Mt. Elgon and Napak samples from the North Kenya Rift ére extremely
alkaline in composition, dominantly nephelinites and carbona{ites (Simonetti &
Bell, 1994, 1995), and are in close proximity to the Turkana depression. They
also have the most similar Nd-Pb composition to the Turkana Tertiary HIMU
Trend samples (Figure 17). Lavas from Mt. Elgon and Napak have been
interpreted to be from small discrete melts from heterogeneous subcontinental
lithosphere with one end-member being HIMU in composition and the opposite
end-member being EM1 in composition (Simonetti & Bell, 1994, 1995). The
Turkana Tertiary HIMU Trend, being in the same vicinity of the Mt. Elgon and
Napak mixing line compositions, can be interpreted to have the same two
compositional end-members.

The EM1 component also becomes apparent in Pb-Sr isotopic
compositions (Figure 18). The HIMU Trend samples with less radiogenic
compositions trend toward the EM1 composition, opposite the more radiogenic
Pb end-member HIMU, implying an EM1-like material plays a role as an end-
member composition. KL-18 from Kulal lies off the trend line with a high Sr
isotope value; this sample is commonly an outlier in other compositions which is
likely due to it being from a very small degree of melt from a heterogeneous
source. The Pb-Sr compositions also indicate the opposite end-member of the C
Trend. The Quaternary data again have a C-component, OIB like, composition
while the Tertiary C Trend data trend toward the same EM1 end-member as is

being mixed in the HIMU Trend.
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Figure 17:

26pp/2pPh versus “*Nd/"““Nd with Turkana lavas related to regional data from North
Kenya Rift. The HIMU Trend Tertiary Turkana lavas have a very similar mixing line
(though not as extensive) as the Mt. Elgon and Napak lavas. Some data points from
Furman et al. (2004 & 2006). HIMU and C- component fields modified from Stracke et
al. (2005). Mt. Eigon field data are from Simonetti & Bell (1995) and Napak field data
are from Simonetti & Bell (1994).
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Figure 18:

209pp/2%Ph versus ®’Sr/*°Sr with Turkana lavas related to OIB and MORB compositions.
The HIMU Trend forms a mixing line between a HIMU like end member and an EM1 like
end member, and the C Trend forms a mixing line between a C-component end
member and an EM1 like end member. OIB and MORB after Workman et al. (2004) &
Bizimis et al. (2003), including datasets from Chauvel et al. (1992, 1997), Hauri & Hart
(1993), Nakamura & Tatsumoto (1988), Palacz & Saunders (1986), Vidal et al. (1984),
and Stracke et al. (2003). C-component field after Hanan & Graham (1996).
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The two distinct temporal trends observed with the new Hf isotopic data
coupled with source compositions interpreted from Pb, Nd, and Sr, isotopic data
provides a compositional timeline for the Turkana region of the EARS. The C
Trend and Quaternary“ samples over time go from EM1 composition to OIB C-
composition. The HIMU Trend over time goes from HIMU to EM1. The disparate
trends in Pb-Hf with respect to time suggest that the source mixtures for the two
groups of lavas are distinct. It is important to note the two Kajole samples; they
have the same age and are from the same location, yet fall on the two different
trends (Figure 8). This can be explained best by one Kajole sample being from
of the heterogeneous plume/poliuted mantle (KJ-16 in the C Trend) and the other

is strictly plume composition (KJ-1 in the HIMU Trend).

Olivine Compositions and He (R/Ra) Data

Compositions of olivine phenocrysts within the Turkana lavas can be used
tb infer source region proceéses. The olivine forsterite and nickel compositions
when compared to Sobolev et al. (2005) fields (Figure 19) also reveal possible
source lithologies. The cores of the olivines trend towards higher nickel
compositions with increased forsterite compositions, this trend is indicative of a
pyroxene rich source for the olivine cores (Sobolev et al., 2005). However, these
olivine phenocrysts are strongly zoned, and because there are high oxide totals
in the rims, the zones are likely a result of magma mixing rather than post
eruptive alterations. If magma mixing is a significant process, then the cores of

the olivine phenocrysts may not be related to the erupted lavas, especially in the
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Figure 19:

Forsterite composition versus nickel weight percent of Quaternary and Tertiary Turkana
lavas compared with peridotite and Hawaiian basalt fields after Sobolev et al. (2005).
The “Peridotite Field” is a combination of peridotites from mantle xenoliths, orogenic
massifs and ophiolites, oceanic abyssal peridotites, and phenocrysts from MORBS
(Sobolev et al., 2005).

Jarigole picrites where there is already evidence for olivine accumulation.
However, there is further evidence of a pyroxene rich source in several of the
olivine rims (specifically SI-24 and JRG 07), which also have high nickel
concentrations with respect to forsterite compositions (Figure 19). The other
samples analyzed have rims with lower nickel concentrations relative to forsterite
compositions, which are indicative of a peridotite source (Sobolev et al., 2005).
This wide rahge of rim compositions is evidence for mixing of two separate
source lithologies, which are likely a peridotite and a pyroxene rich source.
Helium isotopic compositions in olivine crystals from the lavas provide

unique information about the mantle source history and the magmatic dynamics.
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Of the two isotopes *He and “He, “He is the most abundant isotope and is
primarily produced from the radioactive decay of 28U, 2*°U, and ?*Th. °He is
dominantly primordial and is therefore assumed that all *He found in rocks is from
the formation of the Earth (Graham, 2002). Mafic lavas with low relative amounts
of *He, or a low value of R/Ra [where R/Ra denote the ratio of the sample
*He/*He to that of the atmosphere, defined as 1.384 x 10 (Graham, 2002)], are
interpreted to be melting products from degassed sublithospheric mahtle or the
continental lithosphere with a long residence time (allowing the build of *He)
(Graham, 2002). Lavas with relatively large amounts of *He (a high value of
R/Ra) are interpreted to have come from a mantle source previously
undegassed, therefore likely from a deep mantle source (Graham, 2002). Mid-
ocean ridge basalts (MORBs) are fairly homogeneous with an average R/Ra of
-about 8 (Aliégre et al., 1995; and Graham, 2002). While OIBs have a much more
diverse range of ratios between a radiogenic end-member with R/Ra = 4, and a
very un-radiogenic end-member with R/Ra = 42.9 (Kurz et al., 1982a; Kurz et al.,
1982b; and Allégre et al., 1995).

Olivine phenocrys"cs} of Tertiary lavas from Jarigole (20 Ma picrites) in the
Turkana region have R/Ra = 6.15 to 6.59 (Table 4 and Figure 20)‘which are
similar to OIBs that contain HIMU signatures (Moreira & Kurz, 2001). The source
of the low R/Ra signature of HIMU is still controversial, with some artiéles
supporting a recycled oceanic crust (Hanyu & Kaneoka, 1997) and others
favoring lithospheric‘contamination (Hilton et al., 1998). Moreira and Kurz (2001)

created a model where the HIMU source incorporates oceanic lithosphere, which
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Figure 20:

Helium isotopic contours within the EARS. New helium analyses from this study
depicted by orange squares. Other regional data is from Marty et al. (1996) and Pik et
al. (2006). The Ethiopian plateau has R/Ra ranges from less than 1 to 20, the Turkana
depression has R/Ra values around 6 to 8, with one sample (LGP 92-11 from Longipi)
R/Ra = 3. The East African Plateau has R/Ra values between 6 and 9.
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has a very radiogenic component of subducted oceanic crust (with *Her*He =
0.01) and a less radiogenic component of residual lithosphere. The combination
of the two components creates the HIMU signature of R/Ra = 5 - 7.
Alternatively, the He isotopic signature of the Jarigole picrites also falls within the
range of other He isotopic values. for subcontinental lithosphere. Gautheron and
Moreira (2002) studied the helium isotopic compositioﬁs of alkali basalts and
peridotites reprevsenting subcontinental Iifhospheric mantle (from Europe, West
Africa, Western US, and Australia) and found them to have homogeneous values
with an average of R/Ra = 6.1. Graham et al. (2007) found the same range of
values (R/Ra < 7) within a suite of basalts from the Pacific Northwest and
interpreted the source to be the subcontinental lithosphere. The model used to
explain the homogeneity of the subcontinental lithosphere is an open-system
steady-state sub-continental lithosphere, where noble gases are transported via
metasomatism through cracks and veins or porous flow (Gautheron & Moreira,
2002).

Class et al. (2005) measured helium isotope ratios of alkali basalts and
basanites from Grand Comore and found two end-members dominating the
compositions. One compositional end-member was interpreted to be from the
lithospheric mantle and the other from a mantle plume. The lithospheric mantle
end-member below Grand Comore has an average R/Ry = 6.9. The helium
signature in the lithospheric mantle is interpreted to be from metasomatism from
the Kenya plume (the thermal anomaly below Turkana and the Kenya Rift

System) by lateral flow. The Kenya plume was determined to have an R/IRp = 7.0
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~ 7.9 by analyses from Huri Hills, North Kenya (Class et al., 2005). An

alternative possibility for the origin of the lithospheric mantle helium signature is

infiltration of the oceanic lithosphere during its formation, either through cracks or
by porous flow (Halliday et al., 1995; and Class et al., 2005). The mantle plume

5.2, and is interpreted to

helium composition has an average of R/Ra
incorporate recycled oceanic crust (Class et al., 2005).

Helium isotopic compositions alone, especially in Turkana, cannot be used
to distinguish between the Moreira and Kurz (2001) model and the scenarios put
forth by Gautheron and Moreira (2002) and Graham et al. (2007). The plume
activity beneath eastern Africa could have the HIMU source originating from
areas of the plume, potentially tapping areas of recycled crust. Alternatively, the
plume activity could be preferentially thermally eroding the HIMU composition out
from the sub-continental lithosphere by partial melting of the lithosphere.

One Quaternary sample (SI-20B from South Island) has a similar value to
the Tertiary with R/Ra = 6.45; however this sample has Pb isotopic values similar
to C-component, and not a HIMU composition. Another Quaternary sample
(LGP 92-11 from Longipi), has a lower, even more radiogenic value of R/Ra =
2.89. These radiogenic values are consistent with a degassed source region,
either from beihg previously tapped or by metasomatic processes, and possibly
longer residence times (Allégre et al., 1995). The helium data used in this study
can be further discussed when compared with other regional data (Figure 20).
The Main Ethiopian Rift, located at the Ethiopian Plateau, has a very wide range

of R/Ra values from <1 up to 20, this wide range suggests a diverse variety of

38



magmatic processes must have occurred throughout the region. The lower
values are indicative of degassed melts and/or longer residence times below the
crust, while higher values are interpreted to be from undegassed mantle which is
interpreted td result from contributions from a mantle plume (Marty et al., 1996;
Pik et al., 1999; and Pik et al., 2006). To the south, the East African Plateau
(comprised of the Western Rift and the Kenya Rift) has a narrower range of
compositions that are similar to the Turkana region with R/Ra = 6 to 8, these

values are again similar to a HIMU signature.

Proposed Model

The new isotopic trends and end-members, and their relationships with
respect to age requires two distinct regions of mixing that do not mix with each
othef (due to the lack of mixing between the two isotopic trends). The following
proposed model takes into account the mixing trends, the age relationships, and
the regional data from the other studies discussed above. At 40 Ma the mantle
underlying the lithosphere was heterogeneous with a C-component composition
and an EM1-like compdsition (Figure 21). In this model the EM1 material is
related to the general upwelling in the area, either from a plume itself, or
sublithospheric mantle “polluted” by contributions from the deep mantle because
of activity associated with the Afar plume. The subcontinental lithosphere had a
HIMU-like component that easily melted out upon heating from below associated
with regional activity or potentially the edge of a plume at that time. Within the

heterogeneous mantle the EM1-like compone‘nt preferentially melted out,
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Figure 21:

Proposed model for the Turkana region of the EARS. At 40 Ma mantle underlying the
lithosphere had a C-component composition and an EM1-like composition. The
subcontinental lithosphere had a HIMU-like component that readily melted out. Within
the mantle the EM1-like component preferentially melted out and ascended into the
lithosphere. This subcontinental lithosphere partially melted due to metasomatic activity
and erupted with a dominantly HIMU composition with some mixing of EM1. Also, larger
zones of melt in the sublithospheric mantle, representing mixed EM1-C melted out at
and erupted. Through time, the EM1-rich end member was depleted in the
sublithospheric mantie. At the end of the Tertiary, the volcanism reflected primarily
sublithospheric contributions of a C-composition.

40



compared to the C-like component, and ascended into and metasomatized the
lithosphere.  This subcontinental lithosphere partially melted due to the
metasomatic activity and erupted with a dominantly HIMU composition with some
mixing of EM1. Alternatively, larger zones of melt in the sublithospheric mantle,
representing mixed EM1-C-components melted out at and erupted (e.g., KJ-16).
Through time, the EM1-rich end-member was depleted in the sublithospheric
mantle, either through mixing with the C-like component and erupting C Trend
Tertiary compositions or by metasomatizing the lithosphere.

By 1 Ma much of the EM1-like component had erupted or mixed and
metasomatized within the subcontinental Iithosphere (Figure 21). At the end of
the Tertiary, the resulting volcanism reflected primarily sublithospheric
contributions, with the last metasomatized lithospheric sample in our suite at 3
Ma. This model builds on the lithospheric erosion model presented in Furman et
al. (2006).

The proposed model requires the EM1-like component to preferentially
melt out compared to the C-component in the sublithospheric mantle. Therefore
the EM1-like component must have a lithology that more readily melts compared
to the surrounding material, such as a pyroxene rich lithology, and possibly a
pyroxenite (c.f. e.g., Morgan & Morgan, 1999). The olivine samples from both
Quaternary and Tertiary lavas support the concept of at least one pyroxene-rich
lithology source that is being melted and erupted in the Turkana region. This is
further supported by the EM1 composition being the only component found in

both the Quaternary and Tertiary lavas. This idea is similar to the model Morgan
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and Morgan (1999) present for the entire mantle, where the mantle as a whole is
inhomogeneous with “plums” of pyroxenite type lithologies that preferentially melt
out first. The same idea can be appliéd on a smaller scale to the Turkana region
of the EARS (and possibly all of the EARS), where “plums” of pyroxene-rich
EM1-type compositions are entrained, and not well mixed, in the upwelling C-
component peridotite. It is the EM1 “plums” that metasomatized and partially
melt the HIMU composition in the lithospheric mantle. 1t is also the EM1 “plums”
that directly erupt at the surface (without assimilation of the lithosphere) with an
EM1-C-component composition, which slowly become more of a C-component

over times as the “plums” are depleted.

Comparisons to Other Continental Rifts

The model proposed in this study is similar to other findings and models
proposed for several continental rift systems on Earth. A couple examples are
the Ross Sea Rift in Antarctica and the Red Sea Rift on the Arabiah Plate. The
- Ross Sea Rift has three mantle sources, EM, HIMU, and depleted MORB-type
compositions. (Rocholl et al., 1995), that hove contributed to the volcanism for at
least the past 15 million years. Neither the HIMU nor EM compositions were
found to be from continental crust contamination. Comparisons of compositions
with the ages of the samples revealed age progressions of EM to HIMU-type
signatures, then from HIMU to depleted MORB-type composition. Rocholl et al.
(1995) proposed a model of a stratified mantle with the MORB-type above the

HIMU-type that is above the EM-type composition. The MORB and EM source
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contributions are interpreted to both be components within the subcontinental
lithosphere, and the HIMU-type source component is from }}either a mantle plume
head or a fossilized plume head that was emplaced in-between the two
chemically heterogeneous layers. The fossilized plume head is the more
favorable alternative due to the presence of HIMU beneath several divisions of
the past Gondwanaland (East Africa, Antarctica, and the Arabian Plate),
indicating that the HIMU is from remnants of a plume/s (or a swarm of plumes)
emplaced before the breakup of the supercontinent (Rocholl et al., 1995).

As within the Ross Sea Rift, volcanism along the Red Sea Rift on the
Arabian plate also has three mantle source components, EM, depleted MORB-
type, and a high radiogenic Pb composition (Bertrand et al., 2003), similar
compositions to the Ross Sea Rift, that have erupted over the past 12 million
years. The high radiogenic Pb component is similar to a C-component
composition; however with the data graphed it is apparent that the data forms a
trend line that approaches the HIMU compositional end-member (Bertrand et al.,
2003). Therefore the third end member was interpreted to have a HIMU
component and not a C-component. The younger samples in the northwest
region of the Red Sea form a mixing line in Pb-Pb compositional space between
a depleted-MORB end-member and a HIMU end-member, while the older
samples in the southeast form a mixing line in Pb-Pb space between an EM end-
member and a HIMU end-member. Bertrand et al. (2003) propose a model
where HIMU and EM are within the lithospheric mantle and the depleted MORB

lies below in the mantle, the depleted MORB-type composition erupts once the
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HIMU and EM sources are consumed in a particular location.

A possible source for the magmatism of the Red Sea Rift is the nearby
Afar plume, which is inferred to have a HIMU component (Vidal et al., 1991;
Schilling et al., 1992; and Deniel et al., 1994). However, helium data (R/Ra) from
the Red Sea Rift area do not support a plume source (Bertrand' et al., 2003).
Instead it was proposed that the HIMU signature is widespread in the
subcontinental lithosphere below the Arabian Plate, which may either be due to
an emplaced fossilized HIMU m?antle plume head, or from chromatographic
metasomatism of the lithospheric mantle as discussed by Stein et al. (1997).
Chromatographic metasomatism would occur where the fluid flow is through
porous material, resulting in percolation of the fluid; if the fluid is not in
equilibrium with the surrounding material a chromatographic effect would
transpire changing the ratios of rare earth and trace elements (Navon et al,
1996). Chromatographic metasomatism could create a HIMU-like isotopic
composition by increasing Th/U and Rb/Sr ratios (Bertrand et al., 2003).

The model proposed in this study for the Turkana region of the EARS has
strong similarities to both the Ross Sea Rift and the Red Sea Rift. Specifically,
the three rift systems all have a HIMU component that is best explained to reside
in the subcontinental lithosphere. The idea suggested from‘ Rocholl et al. (1995)
that the HIMU component in the lithospheric mantle is widespread and emplaced
before the breakup of Gondwanaland seems plausible, though it remains unclear |
whether the incorporation of HIMU into the lithospheric mantle results from

fossilized plume heads or other mechanisms of metasomatic enrichment.
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A significant difference between the Turkana area versus the Red Sea
and Ross Sea Rifts is the cause of melt generation. The best explanation for
magmatism in the Ross Sea Rift and Red Sea Rift is extension of the lithosphere,
resulting in decompressional melting of the HIMU component, then the EM
component (which also resides in the lithospheric mantle), and then finally when
the HIMU and EM compositions have been consumed the underlying MORB
mantle decompressionally melts and erupts (Rocholl et al., 1995 and Bertrand et
al., 2003). In the Turkana region the extension was not great enoﬁgh to generate
decompressional melting (Ebinger & Ibrahim, 1994; Hendrie et al., 1994; and
Furman et al., 2006a). Instead an upwelling of meltb(like‘ly a mantle plume), with
a C-component composition and an entrained EM composition, beneath the
lithospheric mantle in the Turkana region resulted in the magmatism of the
Turkana region. This explains the difference in where the EM component is
derived from, and also why the final compositions to erupt in the Red Sea Rift
and Ross Sea Rift are depleted MORB-type compositions, while the final

composition to erupt in the Turkana region is C-component.
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CHAPTERYV
CONCLUSIONS

Quaternary and ‘Tertiary mafic lavas from the Turkana region provide
valuable contributions to the understanding of the compositional cqntributions
from melt generation processes occurring in the sublithospheric mantle versus
contributions from melt generation processes in the lithosphere in this region.
New Pb and Nd isotope ratios of Quaternary and Tertiary Turkana basalts
coupled with existing data from Furman et al. (2004, 2006a), show two distinctive
trends: the Quaternary samples cluster near the C-component field which is one
end-member of a mixing line with two Tertiary samples (the “C Trend”), and the
remaining Tertiary samples form a separate mixing line that approaches the
HIMU field (the “‘HIMU Trend”) as déﬁned by Stracke et al. (2005). The data then
were compared to other regional alkaline data from Napak and Mt. Eigon, which
had a similar trend as the HIMU Trend. The comparison revealed a third end-
member to the Turkana mafic lavas, an EM1 component. The Sr isotope ratios
when looked at with Pb isotope ratios further supported an EM1 end-member for
both the C Trend and the HIMU Trend.

Hf isotope ratios of the Quaternary and Tertiary Turkana samples
presented a temporal correlation that the other isotopes were unable to
demonstrate. In Hf-Pb space the C Trend progresses from an EM1-like

component to a C-component over time, while the HIMU Trend progresses from
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a HIMU-like component to an EM1 like component throughout time. Based on
the chronology, regional data and the spatiotemporal relationships, we interpret
HIMU as a lithospheric mantle component, the EM1 end-member as a
sublithospheric mantle component that also is an agent of metasomatism in the
lithosphere, and the C-component as the second sublithospheric mantle end-

member likely present as a result of regional plume activity.
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APPENDIX A

SAMPLE PETROGRAPHY

Quaternary Basalt Petrography

The Quaternary basalt samples are massive to vésicular microcrystalline
basalts, most are fresh samples from within a lava flow with little alterations. The
samples have olivine, pyroxene, and/or plagioclase phenocrysts with a
groundmass of the same minerals plus trace amounts of oxides. The Barrier
samples (BR-05 and BR-33) are composed of 15 to 25% pyroxene, about 5%
olivine, and 10% plagioclase phenocrysts. Most phenocrysts are subhedral with
a few euhedral; pyroxenes are 0.5 to 2 mm, olivines are 0.5 to 2 mm, and the
plagioclase phenocrysts are around 1 mm. BR-05 is very vesicular with vesicles
up to 2 mm, while BR-33 is massive.

There are a variety of samples from South Island (KCH-16, KCH-19, SI-
15, S1-20B, and Sl-24) with different modes. KCH-16 has 10% plagioclase
phenocrysts that are around 1 mm, and trace amounts of olivine phenocrysts up
to 1 mm. The sample has vesicles up to 2 mm. KCH-19 is massive with 10%
pyroxene phenocrysts that average about 1 mm across, and trace amounts of
plagioclase and olivine phenocrysts that are also about 1 mm. SI-15 is massive
with euhedral pyroxene and plagioclase phenocrysts. The pyroxene phenocr;/sts
compose less than 5 % of the whole rock with crystals around 1 mm. The

plagioclase phenocrysts compose 15% of the whole rock with crystals up to 2
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mm. SI-20B is very vesicular, with numerous 1 mm vesicles. The sample is
composed of 25 % pyroxene, 15 % olivine, and 10% plagioclase phenocrysts.
All phenocrysts are subhedral to euhedral and 1 to 3 mm in size. SI-24 is
massive with few 0.5 mm vesicles. The sample contains 15 % olivine, 15 %
pyroxene, and 5 % plagioclase phenocrysts. The olivine crystals are slightly
oxidized and are up to 5 mm in size. The pyroxene and plagioclase crystals are
both 1 to 2 mm.

The Central Island samples (CI-08, CI-09, CI-10, CI-31, and CI-32) are
also diverse in composition. CI-08 is very vesicular with many vesicles less than
0.5 mm. The only phenocryst present in CI-08 is plagioclése, wh}ch makes up
about 5 % of the whole rock and are around 1 mm. The phenocrysts are
anhedral. CI-09 and CI-10 are both massive with around 30 % plagioclase
phenocrysts. The plagioclase crystals are anhedral and 2 to 4 mm. The
samples also have trace pyroxenes up to 1 mm. CI-31 and CI-32 are both
- vesicular with vesicles between 1 and 3 mm in diameter. They both have 10 to
20 % plagioclase phenocrysts that are 1 to 3 mm anhedral crystals. They also
have small amounts (around 5 %) of subhedral pyroxenes, making up less than
10 % of the samples. The pyroxene crystals are around 1 mm. CI-31 also has
trace amounts of olivine phenocrysts around that are about 3 mm.

Longipi samples (LGP 92-11, LGP-607, LGP-36, and LGP-39) are much
sparser in phenocrysts than the other Quaternary samples. LGP 92-11 and
LGP-607 are massive with few small (less than 0.5 mm) vesicles. The samples

are composed of 5 1010 % subhedral to euhedral olivine phenocrysts that are 1
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to 2 mm, 5 % pyroxene phenocrysts that are 1 mm, and trace plagioclase
phenocrysts that are also 1 mm. LGP-36 is very vesicular with many vesicles
less than 0.5 mm. The sample contains trace amounts of plagioclase and olivine
phenocrysts that are about 1 mm. LGP-39 is very massive with only trace

amounts of olivine phenocrysts that are 1 to 2 mm.

Tertiary Basalt Petrology

The Tertiary basalt samples used in this study are massive
microcrystalline basalts, most being very fresh samples from within a lava flow
with little alterations. The majority of the basalts have olivine, pyroxene, and
plagioclase phenocrysts with a groundmass of the same minerals, plus trace
amounts of oxides. Olivines are the most abundant phenocryst in the Jarigole
samples (JRG-03, JRG-07, JRG-10, and JRG-12) accounting for 5 to 20% of the
whole rock; the crystals vary between 0.5 to 4 mm in size. Plagioclase and
pyroxene phenocrysts each comprise 2 to 10% of the whole rock and have
crystal sizes between 0.5 to 5 mm.

The Kulal sample (KL-18) has about 5% olivine phenocrysts and less than
5% plagioclase phenocrysts, and no pyroxenes. Thé phenocrysts range in size
from 1 to 3 mm. The Porr samples (PORR 404, PORR 602, and PORR 606)
have fewer phenocrysts with only trace amounts of olivine, around 1 mm in size,
and a few small feldspar cumulates between 1 and 3 mm in size.

" The two Kajole samples are very different from each other. One sample

(KJ-1) has some olivine phenocrysts, comprising 2 to 3% of the whole rock, with
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crystals between 1 and 3 mm. KJ-1 has about 5% pyroxene phenocrysts that
are up to 3 mm in size, and trace amounts of feldspars that are within the matrix.
The other sample (KJ-16) has an oxidized matrix (grey to reddish brown in color)
with olivine crystals in the matrix and a few large enough to be phenocrysts.
Some of the olivine crystals are fresh while a few are weathered to a brownish
shade. No other phenocrysts are observed in KJ-16.

The last of the Tertiary samples is from Loriyu (LOR86-23I3). This sample
is unlike the other Tertiary samples and has an unknown age. The basalt is
vesicular and has an oxidized matrix. The vesicles of LOR86-23B are filled in
with secondary minerals (note: for geochemical analyses the secondary minerals
were not included). The basalt contains 'some plagioclase phenocrysts that
compose about 3% of the whole rock, and trace amounts of olivine and pyroxene

‘phenocrysts. Most phenocrysts are oxidized as well.
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APPENDIX B
MICROPROBE DATA OF TURKANA OLIVNE

Olivine phenocrysts of five Quaternary and Tertiary Turkana lavas were
analyzed for major element compositions on a JEOL JXA-733 Superprobe at
MIT. Transects of the phenocrysts were measured for SiO,, TiO,, Al203, Cr20s, |
FeO, MnO, MgO, CaO, and NiO weight percent. The major element standards
used were Marjalotti Olivine (MARJ) with 40.24 wt. % SiO2, 11.53 wt. % FeO,
and 48.08 wt. % MgO, and synthetic Fayalite (SYNFA) with 29.49 wt. % SiO; and
70.52 wt. % FeO. The standards used for minor elements were Rutile (TiO,) for
Ti, Uvaorite (CasCr2Si;O43) for Cr, and Rhodonite (MnSiO3) for Mn. For most
elemental analyses the count times ranged from 10 — 50 s. However, due to the
small amount of Ni in general in olivine, the Ni anlyses had a count time of 300 s.
The forsterite composition was calculated by Mg / (Fe + Mg + Mn) mol. %. The
nickel and forsterite compositighal differences between the olivine cores and rims
(Tables 6, 7, 8, and 9) are of particular interest to reveal magma mixing and
possible source lithologies (see “Results and Discussion” for further discussion of
the data). The microphotographs of the minerals with the points analyzed are in

Figures 22 — 30.
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Table 6:
Turkana Quaternary olivine core compositions.

OLIVINE CORES
CQuaternary: Fo % NiO wt. %

Sample - Mineral # |Measured  Average Std. Dev. {Measured = Average Std. Dev. | Totals %
BR-05 1 85.7 0.18 98.8
BR-05 1 85.7 021 99.3
BR-05 1 85.8 0.19 : 999
BR-05 1 85.7 858 0.1 .19 6.2 0.02 99.3
BR-05 1 85.8 | 024 996
BR-05 1 85.9 0.21 93.0
BR-05 2 86.7 ‘ 0.18 98.8
BR-05 2 86.7 0.2% 98.6
BR-05 2 86.5 0.29 98.1
BR-05 2 ges ‘ 024 996
BR-05 2 867 86.7 0.3 0.25 024 - 004 896
BR-05 2 87.0 0.20 38.6
BR-05 2 87.4 1.2 968
BR-05 2 86.2 0.23 100.1
BR-05 2 86.3 0.19 98.7
Cl-31 1 847 0.19 99.2
Cl-31 1 84.8 0.18 89.5
Cl-31 1 84.6 ‘ 021 994

Ch-31 1 84.8 84.9 0.2 g.16 0.19 0.02 892
€31 1 84.9 0.18 833
Ci-31 1 85.1 0.23 98.8
Ci-31 1 5.1 0.13 99.3
Cl-31 2 g4.5 0.16 99.6
Ck31 2 od.4 015 59.8
Cl-31 2 84.2 , 0.18 : 99.9
Cl-31 2 84.8 84.5 0.3 0.16 0.16 0.01 99.3
Cl-31 2 B4.9 _ 0.16 99.1
Cl-31 2 84.2 0.16 998
Cl-31 2 84.0 014 : 99.6
Cl-31 2 84.1. 0.16 835
Cl-31 2 84.2 _ 013 98.9
Ch31 2 84.1 M1 01 019 0.18 0.01 89.3
CkH 2 84.2 0.16 99.3
Ci-31 2 84.2 0.20 9%.8
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Table 6 -‘Continued

OLIVINE CORES

Cuaternary: Fo % MO wt. %

Sample Mineral # |Measured Average Std. Dev |Measured Awerage Std. Dev. | Totals %
81-24 1 B7.9 0.38 99.4
S1-24 1 874 0.35 98.7
S-24 1 87.5 0.31 98.8
Si-24 1 87.3 81.5 02 0.33 0.33 0.03 93.6
Si-24 1 87.3 0.31 994
Si-24 1 87.4 0.31 99.8
Sl-24 1 87.7 0.23 95.0
Si-24 1 87.5 0.31 99.5
Sik24 1 87.7 0.28 99.4
Si-24 1 §7.6 676 01 0.33 0.30 0.02 98.7
Sl-24 1 877 0.31 994
Sl-24 1 7.5 0.28 89.5
51-24 2 876 0.30 94.7
S5k24 2 g8.1 0.32 98.9
Sk-24 2 B7.5 v 0.29 _ 99.2
Si-24 2 87.6 8r.7 0.2 0.29 0.30 0.0% 99.7
Si-24 2 87.5 0.30 896
Sk24 2 87.6 0.31 98.7
Si-24 2 87.8 0.37 98.8
Sk-24 2 88.3 88.0 0.3 0.28 0.33 0.05 100.8
Si-24 2 B7.9 0.35 100.5
Si-24 & 86.5 0.28 99.2

. 5k24 5 B86.3 : 0.28 954
Si-24 5 86.3 86.4 0.1 0.27 0.28 0.01 99.3
Sk24 5 B6.5 0.29 38.8
Sk24 5 86.2 0.30 985
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Table 7:
Turkana Tertiary olivine core compositions.

OLIVINE CORES
Tertiary: Fo % NiO wt. %

Sample Mineral # |Measured Average  Std. Dev. |[Measured Average  Std. Dev. | Totals %
JRG 07 1 87.3 0.31 994
JRG 07 1 - 86.9 .30 99.5
JRG 07 1 86.7 0.29 99.6
JRG 07 1 87.2 5.3 0.3 0.29 0.30 0.01 99.4
JRG 07 1 36.9 0.31 99.3
JRG 07 1 865 0.30 99.8
JRG 07 1 86.6 0.26 100.3
JRG 07 1 86.8 0.37 99.9
JRG 07 1 86.9 0.28 100.2
JRG 07 1 86.6 867 02 0.32 0.32 004 99.7
JRG 07 1 36.6 .35 1004
JRG 07 1 86.9 0.31 100.4
JRG 07 2 g7.8 0.40 99.1
JRG O7 2 87.6 0.31 ‘ 99.1
JRG 07 2 87.2 0.35 99.3
JRG 07 2 87.9 876 0.3 0.36 0.38 0.04 98.8
JRG 07 2 87.5 0.3 99.4
JRG 07 2 87.7 0.32 99.0
JRG 07 2 87.5 023 99.5
JRG 07 2 87.3 . \ 0.3 ' 100.0
JRG 07 2 87.7 ors 02 0.32 o 001 99.5
JRG 07 2 87.6 0.32 . 99.1
JRG 07 4 86.1 0.26 98.5
JRG 07 4 85.8 0.26 99.3
JRG 07 4 858 - 860 0.2 027 0.27 0.01 89.1
JRG 07 4 6.2 , . 0.28 99.1
JRG 07 4 85.9 0.29 : 89.3
JRG 10 1 849 ‘ 0.20 99.3
JRG1O 1 84.8 0.21 ’ 99.1
JRG1W 1 84.6 0.22 99.7
RGO 1 | sz BT BT g 021 00T 495
JRG 10 1 84.6 ' 0.21 99.1
JRG 10 1 847 0.21 99.5
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Table 7 - Continued

OLIVINE CORES
Tertiary: Fo % MO wt. % .
Sample Mineral # |Measured Average Std. Dev. |Measured Average Std. Dev. | Totals %
JRG 10 1 845 0.26 98.7
JRG 10 1 84.4 0.23 98.3
JRG 10 1 846 84.5 0.1 0.29 0.26 0.02 98.8
JRG 10 1 B4.4 0.25 98.9
JRG 10 1 84.6 0.27 89.2
JRG 10 2 85.9 0.24 99.9
JRG 10 2 86.1 0.24 998
JRG 10 2 86.5 6.1 0.3 0.26 0.24 0.01 88.5
JRG 10 2 85.8 0.23 994
JRG 10 2 86.1 0.23 99.7
JRG 10 2 85.8 0.28 98.7
JRG 10 2 85.7 v 0.28 98.5
JRG 10 2 855 88 4.3 0.31 bt 0.02 99.8
JRG 10 2 86.3 0.28 98.8
Table 8: ,
Turkana Quaternary olivine rim compositions.
OLIVINE RIMS
Quaternary:
Sample Mineral#  Fo% NiO Totals %
BR-05 1 86.03 0.17 99.3
BR-05 2 85.76 0.26 98.8
BR-05 2 86.24 0.26 98.9
Ci-31 2 70.57 0.12 99.4
Si-24 1 68.59 0.19 58.8
Sl-24 1 70.34 0.1 99.0
Sk-24 1 61.27 0.18 99.1
Sl-24 1 84.60 0.39 991
Si-24 1 72.29 0.27 93.7
Si-24 1 70.46 0.24 995
Si-24 1 68.31 027 | 9340
S1-24 2 £69.33 0.18 996
5124 2 70.61 0.22 99.5
Si-24 2 79.01 0.28 959
Si-24 2 81.2% 0.29 99.3
Sl-24 5 63.37 0.17 98.9
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Table 9:

Turkana Tertiary olivine rim compositions.

OLIVINE RIS
Tertiary: ;

Sample  Mineral# - Fo % MiD - Totals %
JRG 07 1 79.40 025 93.6
JRG 07 1 82.90 0.25 98.7
JRG 07 1 §7.08 0.38 96.6
JRG 7 1 B6.65 o3 992
JRG 07 1 86.86 0.30 100.2
JRG 07 1 B7.05 0.39 995
JRGO7 2 81458 031 ] 10041
JRG 07 2 80.14 0.26 §9.1
JRG 0T 2 83.61 0.23 95.9
JRG 07 2 80.71 028 99.8
JRG 07 2 63.07 0.16 a8.7
JRG 07 2 63.76 017 98.9
JRG o7 2 B5.26 0.1 95.9
JRG 07 2 71498 .20 9%3
JRG {7 4 144 022 993
JRG 47 4 72.43 0.25 9%.5
JRG 07 4 67.14 §.21 994
JRG 10 2 5176 0.0 986
JRG 10 2 72.11 0.5 954
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BR-05 - olivine mineral 1

BR-05 - olivine mineral 2

Figure 22:

Microphotographs of BR-05 olivine #1(a) and #2(b). The triangles represent points
measured of the cores, with the average forsterite compositions shown. The dots
represent points measured of the rims, with each of their forsterite compositions shown.
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Figure 23: ‘

Microphotographs of CI-31 olivine #1(a) and #2(b). The triangles represent points
measured of the cores, with the average forsterite compositions shown. The dots
represent points measured of the rims, with each of their forsterite compositions shown.
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51-24 - olivine mineral 1

Figure 24:
Microphotograph of SI-24 olivine #1. The triangles represent points measured of the
cores, with the average forsterite compositions shown. The dots represent points
measured of the rims, with each of their forsterite compositions shown.

S1-24 — olivine mineral 2

PN 501
Figure 25:
Microphotograph of SI-24 olivine #2. The triangles represent points measured of the
cores, with the average forsterite compositions shown. The dots represent points
measured of the rims, with each of their forsterite compositions shown.
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Si-24 - olivine mineral 5

AN 50101
Figure 26:
Microphotograph of SI-24 olivine #5. The triangles represent points measured of the
cores, with the average forsterite compositions shown. The dots represent points
measured of the rims, with each of their forsterite compositions shown.

JRG 07 ~ olivine mineral 1

PR 500
Figure 27:
Microphotograph of JRG 07 olivine #1. The triangles represent points measured of the
cores, with the average forsterite compositions shown. The dots represent points
measured of the rims, with each of their forsterite compositions shown.
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i 2

e
Figure 28:

Microphotograph of JRG 07 olivine #2. The triangles represent points measured of the
cores, with the average forsterite compositions shown. The dots represent points
measured of the rims, with each of their forsterite compositions shown.

JRG 07 — olivine mineral 4

PR 500, m
Figure 29: '
Microphotograph of JRG 07 olivine #4. The triangles represent points measured of the
cores, with the average forsterite compositions shown. The dots represent points
measured of the rims, with each of their forsterite compositions shown.
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JRG 10 - olivine minerals 1 and 2
T
Figure 30:

Microphotograph of JRG 10 olivine minerals #1 and #2. The triangles represent points
measured of the cores, with the average forsterite compositions shown. The dots
represent points measured of the rims, with each of their forsterite compositions shown.
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APPENDIX C
MICROPROBE DATA OF TURKANA CLINOPYROXENE

Pyroxene phenocrysts of four Quaternary and Tertiary Turkana lavas were
ahalyzed for major element compositions on a JEOL JXA-733 Superprobe at
MIT. Transects of the phenocrysts were measured for SiO3, TiO2, Al203, Cr203,
FeO, MnO, MgO, CaO, and NayO weight percent (Tables 10 and 11). The major
element standards used were Diopside-Jadeite (DJ35) with 56.88 wt. % SiOa,
8.82 wt. % AlLOs, 12.1 wt. % MgO, 16.83 wt. % Ca0, and 5.36 wt. % Na,O and
AIuminous-Orthopyroxené (ALP7) with 51.22 wt. % SiO,, 8.82 wt. % AlxOs3,
14.499 wt. % FeO, and 25.797 wt. % MgO. The standards used for minor
elements were Rutile (TiO,) for Ti, Uvaorite (Ca3Cr2SizO42) for Cr, and Rhodonite
(MnSiO3) for Mn. For each elemental analysis the count times ranged from 10 —
50 s. The’atomic end-members were calculated for enstatite (MgSiOs), ferrosilite
(FeSiO3), jadeite (NaAlSi2Og), and calcium Tschermark’s pyroxene (CaTs)
(CaAlL:SiOg); then the enstatite, ferrosilite, and wollastonite end-members were

re-normalized (Tables 12 and 13).
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Table 10:

Turkana Quaternary clinopyroxene atomic compositions.

PYROXEME TRANSECTS
Cuaternary: Atemic values
Sample Minergl# Point £ Si Ti Al Cr Fe In Mg Ca Na O
CH10 4 1 18400040 02110017 0201 0.0033 0BOYT 0873 0038 B
Ci10 4 2 184 0038 0299 G023 0194 DO027. 0791 0877 - 0034 8
Ci-1g 4 3 185 0037 0211 0020 0189 00041 0796 0885 0032 &
ci1e 4 4 186 0036 0198 0014 0189 0.0035 080% 0885 0026 8
c10 4 5 186 0034 0193 0003 0198 00033 0810 08%1. 0029 &
cie 4 6 185 0036 0207 0008 €203 00041 0799 0885 0035 &
Ci-10 4 i 185 .:0.038.-0.297 © 0.011 0196 000310614 0.865...0.037- &
Ci-10 4 8 184 0035 01952 0010 0198 00032 0B28 0837 0030 6
cio 4 10 185 0033 0197 0.009 0197 00032 -0.817 0884 0033 &
Cl-18 4 11 186 0033 0187 0008 0196 00028 0831 0879 0030 6
Cl-10 4 12 185 0835 0202 Q.02 0190 00039 0816 0876 0031 ¢
Cl-18 4 13 185 . 0034 0205 0022 8179 0.0040 0808 0883 0032 6
€10 4 W 184 0036 0225 00200 0186 0.0024 (803 Q0876 0034 &
Cl-10 4 15 1.85 - 0034 0203 0017 0.188 0.0045 0822 0875 0031 6
Cl-10 4 16 184 0040 0297 007 0211 00036 0789 0871 0034 6
CH10 5 1 1.86  0.027 0208 0.010 0152 00018 0834 0896 D022 8
Cl-10 5 2 186 . 0029 0205 0009 0167 00027 083 0893 00200 6
Ci10 5 3 186 G029 0204 0008 0184 00013 0843 0892 0025 §
ci-10 § 4 186 0023 0203 0008 0.163 00032 0840 0866 0027 6
Ci-10 5 5 185 0027 0216 0.013 0161 0.0027 0838 0888 0021 6
Ci-10 5 & 186 0028 0214 0009 0160 00020 0839 0882 0024 6
Cl-10 5 7 184 0031 0224 0003 0165 00024 0831 0897 0023 6
ChAl - 5 8 184 0028 0213 0010 D164 00021 08430899 0021 6
Ci-18 ) 3 185 0036 0223 0012 0166 00029 0825 0887 0028 6
KCH-18 1 1a 185 003 0215 0022 0175 0.0033 0820 0874 0028 B
KCH-13 1 2a 182 0032 0263 0024 0165 00025 0798 0875 0054 &
KCH-19 1 3a 180 0038 0311 0007 0202 00037 0784 0865 0038 6
KCH-18 i 4a 1830037 0235 0012 0776 0.0013 - 0.807: 0830 ..0.029 . 8
KCH:-18 1 5a 183 0037 0242 0008 0175 00025 0800 0902 0032 &
KCH-19 1 fa 184 0.035 0.235 0.009 0183 00020 0814 0837 0030 &
KCH-19 k| 7a 1,82 0038 02420008 0176 0.0021 0807 0810 0023 6
KCH-13 1 8a 183 0038 0229 0008 0169 00024 0805 0813 0042 6
KCH-18 1 10a 1.8 0.038 :0.308 0006 - .0:200 05008 0774 08640033 . .6
KCH-19 1 - Ha 182 0037 0241 0011 0158 00015 0814 0916 0023 &
KCH-13 1 12a 1.83 0 00370231 0.008 8171 0.0023 -082% 0806 0026 &
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Table 10 - Continued

PYROXENE TRANSECTS

Quaternary: Atomic values

Sample Mineral # * Point # Si Ti Al Cr Fe Ma Mg Ca Na 0
KCH-19 1 b 1.90. 0:035 0.133: -0.001 0217 00049 -0803 0838 0024 6
KCH-19 1 2b 188 0.048 0146 0001 0273 -0.0066 0731 0830 0034 6
KCH-13 1 3b 185 0066 0165 0001 0328 00076 0675 0882 0041 6
KCH-19 1 4b 184 (038 0242 0007 0168 00049 0786 0303 0027 6
KCH-19 1 5b 184 003 0217 0005 0169 00036 0825 0318 0023 6
KCH-19 1 &b 1.80 0042 0204 0004 0204 00040 0770 0BBY 0031 &
KCH-18 1 b 185 0.031 0201 0005 D167 00045 083 0815 004 6
KCH-13 1 8b 154 0036 0225 0008 0162 0.0037. 4816 0807 0024 &8
KCH-19 1 9k 163 0038 0248 0004 0170 0.0068 0805 0838 0024 6
KCH-19 1 10b 1830034 02270004 -0168 00040 0825 0507 0028 &
KCH-19 4 1a 183 .0:035. 0262 0.013 0164 0.0026 079 0889 0028 6
KCH-19 4 2a 183 0034 0260 0013 0162 00021 0768 0808 0027 6
KLCH-19 4 3z 184 0:032 0252 0011 0165 00025 0789 0888 0028 6
KCH-19 4 43 182 0033 0263 0013 0171 00026 0817 0885 0024 6
KCH-18 4 S 186 0019 0212 0028 0137 00027 0872 0855 0031 6
KCH-19 4 6a 182 0.031 0256 0026 0165 0.0030 0.7% 05303 0028 &
KCH-13 4 f8a 180 0067 0235 0004 0241 00033 0741 0900 0036 6
KCH-19 4 1b 184 007000183 0.002 0279 00059 0691 07 0042 6
KCH-18 4 2b 1.88 0.044 0130 0001 0247 00064 0782 0300 0026 6
KCH-19 4 3b 188 0031 0156 0.006 0175 00050 0842 0BBT 0024 6§
KCH-19 4 4b 186 0.035° 0199 0.008: 0172 00033 0810 '0BY3 0025 &
KCH-18 4 5h 188 0.032--0156 0006 0.188 006043 --0844 0876 0023 &
KCH-13 4 &b 183  8.031 0133 0005 0191 0.0059 . 0853 03885 0021 &
KCH-19 4 b 182 00370273 0067 017200032 0734 0902 0024 §
KCH-19 4 8h 1.84 . .0032 0262 0007 0167 00056 0801 - 0858 0030 6
KCH-15 4 9b 164 0.032 0248 0006 0169 00034  07%4 0839 0027 6
KCH-19 4 10b 1830032 0245 0007 0163 0.004D. 0815 . 0901 0027 &
KCH-19 4 11b 185 :0:030: 0237 0.006  0.162° 0.0040 -'0809 0894 0023 6
KCH-18 4 12b 185 0033 0247 0006 0153 00039 0784 D901 0029 B
KCH-19 B 1 184 0030 0242 0011 0166 00018 0807 0B85 0027 ¢
KCH-19 6 2. 183 0028 0226 0012 . 0168 -0.0022 0831 0888 0028 6
KCH-18 6 3 1.85 0026 0210 0013 0168 00028 0826 08% 0027 §
KCH-19 6 4 185 0020 0245 0010 0158 00035 0841 0844 0055 &
KCH-19 6 5 185 0021 0242 0011 0153 00024 0857 0848 0037 B
KCH-19 6 § 184 0022 0241 0012 D167 00027 0856 0837 (052 &
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Table 11:

Turkana Tertiary Clinopyroxene atomic compositions.

PYROXENE TRANSECTS

Tertiary: Atomic values

Sample Mineral # Point # Si T Al Cr Fa Mn Mg Ca Na o
K1 1 1a 183 0043 0245 0002 0473 00007 0774 0906 0052 &
K1 1 2a 1.8  0.030 0148 0010 0154 00013 0851 0884 0043 6
K 1 Ja 183 0.048 0249 0002 0175 00015 0788 . 0880 0043 6
K1 1 4a 182 0.048 0245 0002 0173 00012 0782 0500 805 &
K1 1 5a 183 0048 0247 0003 0180 00023 0779 0882 0051 8
KJ1 1 ga 1.82 . 0.047 0282 0002 0470 00017 0975 0906 0084 6
K4 1 7a 183 0047 0252 0001 .. 0.174 00010 0773 0900 0050 6
K1 1 83 182 0048 0250 0002 0476 00010 0778 - 0904 0045 6
KJ 1 1 3a 183 0047 0250 0002 0172 00027 0768 0905 0047 8
KJ 1 1 10a 183 0.043 0283 0002 0474 00020 0772 0838 0055 &
K1 1 11a 182 0048 0252 0002 0172 06028 0780 0905 0050 6
K 1 b 175 0089 0266 0000 0257 DO043 0682 0964 G038 &
Kd 1 Fiéo] 180 0072 0216 0000 0230 00040 0743 0930 0035 8
K1 1 3b 176 0.078 0240 - 0000 - 0.235 00047 0.709 --0.850. 0034 6
K1 1 4h 180 0072 0222 0000 0224 00040 0723 0948 0036 6
KJ1 1 b 184 0053 0173 0000 00226 00044 0780 - 0929 0038 6
KJ1 1 &b 162 0142 0413 0000 0264 00043 059 0953 0044 6
KJ1 1 fi+ 162 0137 0416 0.000 0262 0:0031 0616 - 0954 0041 6
Kdt 1 8b 181 D047 0248 0001 0165 00021 0789 0923 0049 6
K1 1 % 182 0046 0244 0001 0171 00013 C0778 0513 0049 6
KJ 1 1 12b 182 0048 0246 0000 0173 00016 0775 0503 005 6
K1 1 13b 182 0047 0246 0001 0174 00018 0784 - 0910 0056 B
Kd 1 1 14b 183 0048 0248 0001 0174 00020 0767 0912 0047 6
K1 1 18b ¢ 182 0.047 0249 0.000 0169 08026 0785 0917 0085 8§
K1 1 16k 182 0.047 0243 0001 0174 00027 0776 0909 ‘0058 6
Kit |2 1a 1.82 . 0.056 0244 0002 0199 0.0028 0750 0912 0039 8§
K1 2 2a 183 0082 016 - 0005 0978 00019 0775 . 0941 04033 6
Ki1 2 Ja 1.61 - 0.058 0240 0005 (:185 00025 0755 0934 0040 &
KJ1 2 da 182 0055 0229 0003 0184 00016 0776 0922 0043 6
KJ1 2 5a 182 0054 0224 0004 0189 00021t 0770, 0925 0046 6
K1 2 Ea 183 0.05% 0225 0002 0198 00015 0758 0920 0053 6
KJ1 2 fa 1.80 D057 0.247 0002 0203 00011 0759 . 0922 0040 6

K1 2 f8a 1.7 0060 0.244 0.004 - 0191 00013 0770 0833 0047 6
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Table 11 - Continued

PYROXEME TRANSECTS

Tertiary; Atomic values ‘

Sample Mineral # Pomt # Si T Al Cr Fe Mn Mg Ca Na o
K1 2 1b 163 0136 0412 0001 0270 00040 0OB09 0945 0045 6
Kd1 Z Zb 175 00730298 0000 0233 0.0047 0704 = 0943 0040 6
Ki1 2 3b 1.80 0.058 0254 0.000 0210 00027 0743 093 0043 6
K1 2 4b 177 0075 0224 0000 0246 00044 0747 0952 0037 6
K31 2 ) 176 0082 0231 0001 0255 00055 0735 0949 0040 6
K31 2 78 185 0053 0471 0000 0242 00041 0752 0952 0044 6
Kd1 2 b 166 0.108 0370 0000 0271 00853 0669 0934 0050 6
Kd1 2 - 8B 181 0058 0241 0001 0186 00033 0774 0330 0044 6
Kd 2 10b 181 0054 0242  0.002 0192 (0024 0760 0925 0046 6
K1 2 11b 183 0053 0224 0002 0187 006027 0752 0931 0046 6
KJ1 2 128 1.80 0058 0252 0002 0189 00028 0752 0936 0046 6
Kii 2 13b 183 0043 0226 0001 0192 00042 0775 094 0051 6
K 2 b 182 005102270007 0183 00029 0777 0931 0041 6
Ki1 2 15b 181 0055 06238 0007 0187 00032 0764 0926 0043 6
K1 5 1 162 0849 0257 0004 0168 00014 0770 0858 0048 6
K 5 2 182 0048 0251 0.007 04TV Q0018 0770 0 0901 00500 6
K1 g 3 184 0041 0229 0007 0168 00008 0793 0B9% 0053 6
K1 § 4 185 - 0.040 0297 0.006: . 0167 -0.002% - 0804 - 0899 - -0.044 - 6
K1 & & 185 0039 0210 0007 0167 00024 0806  0B%% 005 6
Kd 1 5 6 187 0038 0208 0007 07171 008 0791 0875 0048 6
JRGETL .2 1a 189 0042 0141 0001 0253 00050 0771 0874 0033 6
JRG 07 2 2a 187 0.051 0159 0000 0247 00044 0770 0888 0036 6
JRG 07 2 3a 188 0.045 0134 0001 . 0241 00033 0783 0901 D043 6
JRG 07 2 4a 190 0021 0124 0007 0155 .0.8024 0B83...0900. 0025 6
JRG 07 2 5a 1.93 0.021 0.089 0.008 0150 00022 0895 ~ 0.879 0021 "6
JRG 07 2 Ba 192 0023 0103 0007 0152 00015  0B89% 0830 0023 6
JRGOT 2 fa 188 0043 0145 0000 0247 00050 0785 0B8Rt 0036 6
JRGOT ) 02 LE 182 0023 0111 0.008 0962 -0.003% 0877 04832 005 6
JRG 07 2 9a 191 0023 0101 0007 0164 00020 0910 0887 0019 6
JRG 07 2 10z 151 0825 019 0007 0164 00028 0867 (0B89%0 0026 &
JRG 07 2 11a 185 0085 0182 0001 0.24% 00056 0.765 0886 003% 6
JRG 07 2 12a 150 0026 0132 0016 0178 00033 0853 (876 0025 6
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Table 11 - Continued

PYROXENE TRANSECTS

Tertiary: Atomic values

Sample ‘Mineral # Point # S Ti Al Or Fe Iin Mg Ca Na o
JRG 07 2 1b 188 0046 0147 0001 0247 00067 0763 0877 0037 6
JRG 07 2 2b 187  0.04% 0145 0001 D249 00085 - 0.783; 0833 0034 6
JRG 0T 2 3b 187 0048 046 0001 0247 00047 0786 0B85 0034 B
JRG 07 2 4b 1488 0.044: 0.7 0001 0241 00086 0777 0892 .0.038-6
JRG 07 2 5b 187 0048 QM8 0007 0248 00069 £779% 0834 0035 6
JRG 07 2 §b 188 -0.043 - 0745 --0.00% 0247 00063 -0.791- 0B8S 0035 6
JRG 07 2 b 191 0.023 0126 0009 0150 0.0037 0874 0833 0022 6
JRG O7 2 8b 191 0022 011% 0008 0158 00033 0874 0897 0024 5
JRG 07 2 3b 192 0020 0108 0007 0154 0.0035. 0894 0831 0026 &
JRG 07 Z2 10b 104 0018 0085 0014 0 0132 .0.0040. 0894 0876 0020 6
JRG 07 2 11k 1.91 0.02% 0122 0010 0155 00036 0891 - 088 06023 6
JRG 07 2 1Zb ~483 0021 0410 00087 0162 00032 Q875 - 06873 0022 &
JRG 07 2 13b 182 0.025 07147 0012 0164 00035 0867 0835 0020 6
JRG 0T 2 14b 190 0023 0133 0010 0155 00030 0877 089 0023 6
JRG 07 2 15k 188 (0025 0136 0009 0158 00040 0003 06884 0029 6
JRG 07 3 1 183 0040 0281 0003 0234 00048 D751 0818 0057 6
JRG 07 3 2 184 0041 0201 0008 0203 00045 0815 0879 0028 6
JRG 07 3 3 186 0035 0173 0010 0188 00048 0829 0882 0028 B
JRG 07 3 4 190 0.032  6.115 06.007 0278 00093 0790 (860 0038 6
JRG 07 3 5 192 04028 0104 0000 0275 00105 0787. 0865 0036 6
JRG 07 3 33 192 :0.026 0088 0007 0274 00097 - 0786 0870 0037 &
JRG 07 3 7 1488 0042 0M2 000t 0285 00083 0790 0868 0038 6
JRG O7 3 8 18% 0035 0122 0001 0261 -0.0083 - 0799 0881 0032 86
JRG 0T 3 3 188 0043 "0 M7 0000 0255 0.0069 D80G 0858 0032 6
JRiG 07 5 1a 186 0035 0184 0016 0176 00023 0837 0830 0026 6
JRG 07 5 28 1.86 - 0:035-0.179 0046 0182 -0.0033 0826 - (0836 0029 8
JRG 07 5 Ja 186 0036 0178 0014 0183 (0032 0824 0872 0054 6
JRG 07 5 4a 186 - 0.033 0187 - 0.021 074 0.0029 0.82% 0882 0028 &
JRG 07 5 5a 185 0034 0183 0018 0177 00027 0841 0884 0033 §
JRG 07 5 ba 188 0.02% 0179 €008 0174 0.0025 (852 0884 0023 6
JRG 07 5 Ta 191 0022 5100 0017 0150 00040 0921 0838 0T 6
JRG 07 5 Ba 189 0022 0131 0028 - 0.185 0.0036 - 0877 06874 0022 &
JRG 07 5 9a 1.87 0030 0175 0020 (.188 00037 0823 0873 0032 6
JRG 0T 5 10a 181 06822 008 0013 0180 00039 0912 0862 0027 6
JRG 07 5 11a 1920020 0084 0018 0177 00042 036 0853 0024 6
JRG 07 5 12a 1.8 0024 0146 0015 0173 0016 0866 0880 0025 6
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Table 11 - Continued

PYROXENE TRANSECTS

Tertiary: Atomic values ,

Sample Mineral 2 Point # Bi T Al Cr Fe Min - Mg Ca Na 0
JRGOT ] 15 191 081% 015 0017 0151 00037 0506 0865 0024 6
JRGOT 8 2b 192 0018 014 0015 0149 00048 0906 0868 0021 6
JRG 67 5 3b 187 003t 0182 0015 (0183 0.0047 0832 .0.666 0.028 €
JRGOT 5 4b 191 (020 0120 6011 0163 00043 0884 0881 0022 6
JRG 07 5 b 190 0620 014 0014 0158 00023 0920 0874 0021 6
JRG 7 5 b 1.88 -0.030 " 0.175--0.003 * 0106 - 0.0050 - 0801 - 0903 0024 6
JRG 07 i b 186 0032 0183 0011 0178 00045 0B44 - 0.BB6 0029 &
JRG 07 5 8b 184 0.047 0191 0009 0200 00054 0823 40876 0036 6
JRG 07 s 9b 185 0045 078% 0010 0200 00043 0734 0693 0031 6
JRG 07 5 10b 18 001 0076 0012 0148 00053 0847 0827 0021 6
JRGOT 5 11h 182 0025 0163 0007 07184 00033 0884 0861 0022 &6
JRGOT 5 12h 188 0027 0153 0012 0170 00047 0857 0885 00238
JRGAO7 5 13b 186 0.042 0168 0002 0241 00057 0794 0891 0027 6
JRG 07 5 14b 187 0027 0158 0011 0183 00042 0B7Y 0881 0029 6
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Table 12: :
Turkana Quaternary clinopyroxene end-member compositions. Fe* = FeT + Mn. Th
En(Mg) end-member is the enstatite (MgSiO;) composition, the Fs(Fe*) end-member is
ferrosilite (FeSiO;), Wo(Ca) end-member is wollastonite (CaSiO;), and other is Jadeite
(NaAlSi,Os) and CaTs (CaAl;SiOg). Wo(Ca) = Ca -~ CaTs.

PYROXENE TRANSECTS
Quaternary: End-member mole percentages Normalized end-members
Sample Mineral # Point # | En{Mg) Fs{Fe’} Woi{Ca) Other | En{Mg}  Fs{Fe™ Wo(Ca)
Cl-10 4 1 4186 1065 4105 645 | 4474 1138 4388
Cl-10 4 2 4165 1036 4131 668 | 4463 1110 4427
Cl-10 4 3 4180 1011 4173 636 | 4484 18D 4456
Cl-10 4 4 4228 1005 4182 585 | 4491 1068 4441
Cl-10 4 5 4194 1044 4180 573 | 444% 1107 444
Cl-10 - 4 & 4148 1077 414% 627 | 4425 1149 44726
Ci-10 4 7 4241 1040 4054 664 | 4543 1114 4343
Cl-10 4 8 4234 1027 4173 566 | 4488 1089 4423
CI-10 4 10 4226 1033 4148 592 | 44893 1088 4409
Cl-10 4 11 4288 1025 4127 5569 | 4542 1086 4372
Ci-10 4 12 4256 1010 4127 607 | 4632 1075 43.93
Cl-10 4 13 4240 958 4179 622 | 4522 122 4457
CHio | 4 14 42.24 9980 4107 679 | 4532 1062 4408
Cl-10 4 15 4252 1001 4107 610 | 4560 1066 4374
C10 4 16 4133 41126 4083 658 | 4424 1205 4371
Cl-10 L 1 43.78 805 4212 605 | 4660 857 - 4483
Cl-10 5 2 43.58 8.85 4172 586 | 4629 @ 540 44.31
Cl-10 5 3 4382 858 4166 594 | 46589 912 4429
C-10 5 4 43.78 864 415% - 5499 | 4656  851% 4424
Ci-10 5 5 43.87 853 4135 619 | 4676 916  44.08
Ci-18 5 6 4388 851 4128 623 | 4630 - 807 4402
Ci-10 5 7 433 8.72 4154 643 | 462% 932 4439
Cl-10 5 8 43.71 853 41863 607 | 46.53 914 4432
Cl-10 5 g 43.25 882 4135 657 | 4829 9.45 4426
KCH-19, 1 1a 4315 83 4108 640 | 4610 1000 43.90
KCH-18 1 2a 4214 - 883 4065 837 | 459% 964 4437
KCH-19 1 Ja 4078 1098 3893 931 | 4497 1210 4293
KCH-19 1 ~4a 4239 833 4136 692 | 4554 1002 4444
KCH-18 1 5a 4188 927 4163 716 | 4511 999 4480
KCH-19 1 Ba 42,69 864 4171 - 695 | 458% 929 4483
KCH-18 1 7a 42.06 829 4173 692 | 4519 8998 447383
KCH-18 1 9a 41.65 8.85 4244 702 | 4484 8552 4584
KCH-19 1 10a 4121 1070 3885 924 | 4541 175 4280
KCH-18 3 1a 42 30 g.83. 4200 6.87 45.42 3.48 45.10
KCH-18 1 12a 42 61 901 4172 666 | 4585 965 4463

82



Table 12 - Continued

PYROXENE TRAMSECTS ,

Quaternary: : End-member mole percentages | Normalized end-members
Sample Mineral# Point # En(Mg} Fs{Fe"} Wo{Ca} Other | En{Mg)} Fs(Fe'} Wo{Ca]
KCH-19 1 1b 4125 1139 4333 403 | 4298  M87 4515
KCH-18 1 2b 3777 1448 4311 - 464 | 3381 1518 4521
KCH-13 1 3b 3492 1734 4241 532 | 3689 1831 4480
KCH-18 1 4b 4162 815 4213 710 | 4480 985 4535
KCH-18 1 5b 4256  B90 4236 618 | 4537 948 4515
KCH-18 1 6b 4075 1101 3966 859 | 4458 1204 4338
KCH-19 1 b | 4289  B82 4252 &77 | 4552 936 4513
KCH-13 1 8b 4266 866 4218 650 | 4562 8§26 @ 4511
KCH-19 1 9b 4229 - 826 4130 714 | 45585 998 4448
KCH-18 1 10b 42.71 890 4180 658 | 45672 953 4475
KCH-19 4 1a 4237 886 4107 T70 | 4591 959 4449
KCH-19 4 2a 4114 880 4240 - 767 | 4456 953 4592
KCH13| 4 3a 4215 884 4145 746 | 4555 966 4479
KCH-18 4 4a 4302 814 4030 754 | 4553 9893 4388
KCH-19 4 5a 4594 737 4029 640 | 4508 788 4304
KCH-19 4 Ga 4196 887 4169 748 | 4535 953 4506
KCH-19 4 8a 3859 1270 4158 713 | 4155 1368 4477
KCH-18 4 1b 3572 - 1473 4378 579 | 3792 1564 4B45
KCH-18 4 2b 3986 1291 4326 396 | 4151 1345 4505
KCH-18 4 3b 4377 828 4233 4463 | 4583 973 4438
KCH-15 4 4b 4253 926 4233 588 | 4519 983 4498
KCH-18| 4 5b 43.60 9.96 4182 462 | 45671 1045 4384
KCH-18 4 6b 4353 1003 4233 393 | 4538 1050 4412
KCH-19 4 7b 4157 928 4126 788 | 4513 1008 4479
KCH-19| 4 8b 4304 929 3983 785 | 4670 1008 4322
KCH-18 4 9b 4196 911 4167 726 | 4524 8583 44893
KCH-19 4 10b 4268  B72 4148 712 | 4595 8539 4466
KCH-15 4 11b 4276  BIT 4158 689 | 4582 942 4466
KCH-18 4 12b 4177 668 4221 734 | 4508 836 4556
KCH-18 & 1 42.75 889 4121 714 | 4504 958 4438
KCH-1% B 2 43.09 8.87 4140 664 | 4616 950 4435
KCH-19 & 3 4310 850 4183 618 | 45093 948 4458
KCH-1% B 4 4423 847 3842 788 | 4802 918 4279
KCH-19 & 5 4503 ~ 849 3916 731 | 4858 817 4225
KCH-19 & & 4472  BB7 3878 764 | 4842 560 4198
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Table 13:

Turkana Tertiary clinopyroxene end-member compositions. Fe* = FeT + Mn. The En(Mg)
end-member is the enstatite (MgSiOs) composition, the Fs(Fe*) end-member is ferrosilite
(FeSiO;), Wo(Ca) end-member is wollastonite (CaSiO;), and other is Jadeite
(NaAlSi;Og) and CaTs (CaAl,SiOg). Wo(Ca) = Ca — CaTs.

PYROXENE TRANSECTS

Tertiary: - End-member mole percentages Normalized end-members |-

Sample Mineral# Point# | EniMg} Fs(Fe”} Wo{Ca)} Other | En(Mg} Fs{Fe")] Wo(Ca]
KJ 1 1 1a 40.61 8512 4248 778 | 4404 983 4606
K1 | 1 2a 4400 808 4299 495 | 4623 848 4523
KJ 1 1 3a 41563 830 4147 770 | 4500 1007 4483
Kd 1 1 43 4092 - %12 4200 796 | 4446 991 4563
KJ1 1 5a 4112 -~ 8961 4138 788 | 4464 1043 4492
Kd 1 1 Ba 4065 6598 4235 802 | 4420 976 4504
KJ 1 1 7a 4072 821 4214 7954 | 4423 1000 4577
K 1 1 Ba 4084 931 4211 774 | 4427 1009 . 45564
K1 1 9a 4054 8547 4245 784 | 4393 995  4B07
Ki1 1 10a 4083 929 4174 814 | 4445 1011 4544
Kd 1 1 Ma 40.83 915 4212 790 | 4434 9983 4573
KJ 1 1 1b 3506 1341 4370 762 | 3804 1455 474
K1 1 2b 3846 1200 4312 642 | 4110 1282 4608
Kd 1 1 3b 3668 1242 4381 709 | 3948 1337 4716
Kd 1 1 4b 3737 173 4417 B67 | 4004 1284 4733
KdJ 1 1 5b 3947 1163 4357 533 | 4189 1229  46.02
K1 1 &b 3203 1444 4110 1244 | 3657 1645 4654
Ki1 1 To 3284 1411 4088 1218 | 3739 1607 4855
Kd 1 1 8b 40.92 866 4270 772 | 4434 939 4627
KJ 1 1 9b 40.58 896 4283 763 | 4393 970 4637
Kd 1 1 12b 40.50 810 4251 789 | 4397 988 4615
Kd1 1 13b 4072 912 4234 783 | 4418 989 - 4593
KJ1 1 14b 4032 826 42864 778 | 4372 1004 46.24
KJ 1 1 15b AD70 B892 4252 78T | 4417 968 4615
KJ 1 1 16b 4047 8920 4238 794 | 4387 993 4604
KJ 1 2 1a 3343 1058 4255 743 | 42589 1144 4597
K 1 2 2a 4019 - 833 4403 645 | 429 887 4707
KJ1 2 Ja | 3940 - 978 4350 732 | 4252 1055 4694
Kd 1 2 4a 40.31 363 4300 708 | 4337 1036 4627
Kd 1 2 5a 3386 991 4325 698 | 4285 1065 4650
Kd 1 2 6a 3328 1035 4319 718 | 4232 1115 4B.53
K 1 2 7a 3942 1060 4254 744 | 4253 1145 4596
KJ 1 2 8a 359.65 9892 4284 750 | 4286 1072 4542
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Table 13 - Continued

PYROXENE TRANSECTS , o o
Tertiary: End-member mole percentages Mormakized end-members
Sample Mineral # Point # | En{Mg} Fs{Fe*) Wo(Ca} Other | En{Mg} FsiFe*} Wo(Ca)
KJ 1 2 1b 3252 1461 4067 1220 | 3704 1664 4632
K1 V4 2b 3656 1235 4230 879 | 4008 1354 4638
K 1 2 3b 3544 1102 4287 767 | 4163 1183 4643
KJ1 2 4b 3760 1262 4323 655 | 4024 1350 4626
KJ 1 2 Eb 3703 1311 4303 683 | 3975 1407 4619
K1 2 b 3830 1100 4522 £48 | 4052 1164 4784
KJ1 2 8b 3467 1434 4012 1087 | 3891 1608 4501
Kd1 2 9b 39.95 976 4293 736 | 4312 1054 - 4634
Ki1 2 10b 3948 1010 4294 748 ) 42867 1091 4647
KJ1 2 11b 39.41 991 4386 7071 | 4216 1066 4717
Kit 2 12b 39.85 99 4326 774 | 4232 1079 46088
KJ 1 2 13b 4001 1014 4269 716 | 4310 1082 4598
Ki1 2 14b 40.18 9.5% 4330 693 | 4347 1030 4652
KJ1 2 156 39.75 989 4304 731 | 4289 1067 4644
K1 5 1 40.83 900 4208 610 | 4443 9.7% 4578
K1 5 2 40.66 911 4227 796 | 4418 2.50 45.92
Kd 1 5 3 4148 883 - 4230 738 | 4480 953 45.67
K1 5 4 41.97 885 4239 680 | 4503 949 45 48
KJ 1 5 5 41.83 879 4248 690 | 4493 944 - 4562
KJ 1 5 6 41.92 918 4213 677 | 4496 985 . 4519
JRGO7 2 1a 3870 1328 4239 462 | 4182 1394 4444
JRG 07 2 2a 3358 1293 4249 H00 | 4166 - 1361 4473
JRG 17 z 3a 3973 1240 4340 447 | 4159 1298 4543
JRG 07 2 4a 44 .91 8.02 4326 380 | 4669 834 4497
JRG 07 2 5a 4501 780 4314 306 | 4746 8.05 44.50
JRG 07 2 Ba 4565 783 4333 319 | 4716 8.09 44.76
JRG 07 2 Ta 4048 1289  423% 463 | 4213 1351 44386
JRGOT 2 Ba 4500 845 4333 322 | 4650 B.73 4478
JRGO7 | 2 9a | 4591 835 4271 303 4735 8.61 44.04
JRG 07 2 10a 44 48 856 4327 371 | 4697 - B89 44.94
JRG 07 2 11a 3836 1307 4189 568 | 4173 1386 4441
JRG 07 2 12a 44 10 935 4250 405 | 4596 ° 9.75 44.30
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Table 13 - Continued

PYROXENE TRANSECTS
Tertiary: End-member mole percentages HNormalized end-members
Sample Mineral # Point # | En{Mg)  Fs(Fe*} Wo[Ca) Other | En{Mg} Fs{Fe") WoiCa)
JRG 07 2 1b 3969 1311 4246 474 | 167 1376 4457
JRG 07 2 26 3979 1311 4255 455 | 4168 1373 4458
JRG 07 2 3b 4014 1288 4239 460 | 4207 1350 4443
JRG OF 2 4b 3873 0 1269 4284 474 | 4471 1332 4497
JRG 07 2 5b 3970 1300 42668 464 | 4163 1363 4474
JRG 07 2 &b 4028 1291 42235 456 | 4220 1353 447
JRG 07 2 Fi:) 4478 837 4308 378 | 4654 BEY 4477
JRG 07 2 8b 44 66 826 4342 365 | 4635 B8 4507
JRG 07 2 3b 4542 788 4320 340 | 4702 826 4472
JRG 07 2 10b 4623 T42 4337 299 | 4765 765 4470
JRG 07 2 11b 4650 809 4271 37 | 4725 B840 4435
JRG 07 2 12b 4524  Bh4 4283 339 | 4682 884 4434
JRGOT| 2 13b 4589 888 4080 443 | 4802 930 4268
JRG 07 2 14b 44 83 808 4311 398 | 4669 841 44 90
JRG 07 2 156 4562  B21 4199 418 | 4761 8567 4383
JRG 07 3 1 | 4022 1281 3790 8907 | 4424 1409 4168
JRG 07 3 2 4224 1075 4106 595 | 4491 1143 4366
JRG 07 3 3 4266 - 994 4222 518 | 4499 1048 4452
JRG 07 3 4 3998 1458 4159 385 | 4158 1516 4326
JRG 07 3 8 38590 1445 4210 355 | 4137 14988 4365
JRGO7T| 3 6 3877 1436 4245 341 | 4118 1487 4395
JRG 07 3 7 4013 1354 4137 456 | 4205 1461 4335
JRG 07 3 g 4031 1359 4220 380 [ 4195 1414 4392
JRG 07 3 g 4116 1339 4087 458 | 4314 1403 4283
JRG 07 5 1a 4334 823 4198 545 | 4584 976 4440
JRGOT| 5 2a 42 86 963 4212 539 | 4530 1018 4452
JRG 07 5 3a 4234 1006 4164 596 | 4503 1070 4428
JRG 07 5 4z 4329 © 823 4189 560 | 4585 978 4437
JRG 07 5 5a 4342 929 4173 BA7 | 4598 983 4419
JRG 07 g Ga 4401 812 4189 498 | 4631 960 4408
JRG 07 5 7a 4675 984 4046 295 | 4817 1014 41869
JRG 07 5 8a 4516  BGS 4221 3894 | 4702 904 4395
JRG 07 5 9a 4286 999 4176 56539 | 4530 1056 4414
JRG 07 5 10a 4596 926 4163 310 | 4742 955 4302
JRG 07 5 11a 46.43 918 4142 298 | 4785 946 4269
JRG 07 5 12a 44 50 897 4214 439 | 4654 838 - 4408
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Table 13 - Continued

PYROXENE TRANSECTS
Tertiary: End-member mole percentages | Mormalized end-members
Sample Mineral # Point # | En{Mg) Fs{Fe*} Wo{Ca} Other | En{Mg) Fs(Fe*) Wo(Ca)
JRG 07 5 1b 4650 783 4203 354 | 4821 822 4357
JRG 07 5 - 2b 4646 788 4221 345 | 4812 817 4372
JRG 07 5 3b 4350 979 4122 548 | 4602 1036 4362
| JRG 07 5 4b 4521 857 4260 362 | 4691 890 4420
JRG 07 5 bb 4657 812 4188 343 | 4823 841 4336
JRG 07 5 &b 4175 983 4315 518 | 4403 1047 4550
JRG 07 5 7b 4345 941 4163 546 | 4596 385 4409
JRG 07 5 8b 4244 1056 4115 585 | 4508 1122 4370
JRG 07 5 Sb 4130 1064 4234 572 | 4381 1128 440
| JRG 07 5 b 4863 786 4102 249 | 4587 806 4206
JRG 07 5 11b 4622 958 4198 320 | 4671 991 4338
JRG 07 5 12b 4419 902 4226 453 | 4629 945 4426
JRG 07 5 13b 4053 1261 4186 500 | 4266 1328 4406
JRG 07 5 14b 4427 950 4146 477 | 4648 997 4353
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Cl-10- pyroxene
mineral 4

Cl-10-= pyroxens
mineral 5

Figure 31:

Microphotograph of CI-10 pyroxene minerals #4(a) and #5(b). The dots represent points
measured along a transect of the crystal, with each of their enstatite end-member
compositions shown as an example of how the composition varies spatially.
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KCH-19— pyroxene mineral 1

Figure 32:
Microphotograph of KCH-19 pyroxene mineral #1. The dots represent points measured

along a transect of the crystal, with each of their enstatite end-member compositions
shown.

KCH-19 — pyroxene
grain4

Figure 33:
Microphotograph of KCH-19 pyroxene mineral #4. The dots represent points measured

along a transect of the crystal, with each of their enstatite end-member compositions
shown.
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Figure 34:
Microphotograph of KCH-19 pyroxene mineral #6. The dots represent points measured

along a transect of the crystal, with each of their enstatite end-member compositions
shown.

Figure 35:

Microphotograph of KJ 1 pyroxene mineral #1. The dots represent points measured

along a transect of the crystal, with each of their enstatite end-member compositions
shown.
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K} 1 - pyroxene mineral 2

Figure 36:

Microphotograph of KJ 1 pyroxene mineral #2. The dots represent points measured
along a transect of the crystal, with each of their enstatite end-member compositions
shown.

KJ1 — pyroxene grain 5

. 500

Figufe 37:

Microphotograph of KJ 1 pyroxene mineral #5. The dots represent points measured
along a transect of the crystal, with each of their enstatite end-member compositions
shown.
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JRG 07 — pyroxene
mineral 2 4

SRS . C00

Figure 38: »

Microphotograph of JRG 07 pyroxene mineral #2. The dots represent points measured
along a transect of the crystal, with each of their enstatite end-member compositions
shown.

iRG 07 ~ pyroxene mineral 3

Figure 39: ‘

Microphotograph of JRG 07 pyroxene mineral #3. The dots represent points measured
along a transect of the crystal, with each of their enstatite end-member compositions
shown.
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Figure 40:

Microphotograph of JRG 07 pyroxene mineral #5. The dots represent points measured
along a transect of the crystal, with each of their enstatite end-member compositions
shown.
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APPENDIX D

SAMPLE PREPARATIONS AND CHEMICAL PROCEDURES

Hafnium (Hf) Procedures
Sample Preparation

1. Cut down rock sample with a saw or hammer until about of fist sized piece —
or pieces — of rock is obtained. Crush each sample in a stainless steel mortar
and pestle to approximately sand sized grains. Between samples clean the
mortar and pestle by scrubbing with stainless steel brushes, then wipe down with
lent free tissues (i.e. Kimwipes) and alcohol until the mortar and pestle wipe
clean. Store the crushed samples in clean labeled plastic vials.

2. Pick the sand sized grains with titanium (Ti) tweezers, picking for cleanliness
and size, using a binocular microscope. The grains need to be 1 to 1.5 mm so
they will be able to fully dissolve during the dissolution steps. Each grain must
be clean, with no weathering, no rind, no rust, no zeolites, and no saw marks (if
the sample has been cut). The grains that usually meet these requirements are
from inside the rock, away from any surface exposed to the atmosphere, water,
and chemical weathering. In order to get accurate Hf isotope ratios about 500 ng
Hf is needed; with basalts about 0.5 g of clean picked grains per sample should
suffice.

Vial Preparation

3. A 7 ml Savillex vial that has been cleaned appropriately for Hf chemistry is
needed for each sample plus one additional vial to be used as a blank. Add a
drop of 3 times distilled 1 N HBr to each empty clean vial then cap and place on
a hotplate at 90° C to flux overnight. This step removes all possible lead (Pb)
from the vials.

4. Remove vials from the hotplate and let cool down, and then rinse out the vials

with nanopure water three times. Place the empty vials back on the hotplate
uncapped to dry. ‘
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Weighing

5. Weigh the picked samples into the dry cleaned vials on a high precision scale
that measures to the 5" decimal place. Record each sample’s mass.

Leaching/Rinsing

6. Add 3 times distilled 2.5 N HCI to each sample, enough to fully cover the
entire sample. Let samples sit for 5 minutes in the HCI, and then pipette out the
HCI into a waste container. Rinse the samples 3 times with nanopure water,
each time letting the sample sit in the water for 5 minutes before being pipetted
out. Next add 3 times distilled 1 N HBr to the samples and let sit for 5 minutes.
Then pipette out the HBr into a waste container and rinse the samples with
nanopure water 3 times, as done after the HCI leach.

Dissolution

7. Add 18 drops of 3 times distilled concentrate HNO; to each sample. If the 18
drops do not entirely cover the sample then add few more drops. Allow the
samples to sit in the HNO; until any reactions taking place have slowed or
stopped. Add 3 times distilled concentrate HF, enough to obtain about 5 mi total
solution. The samples are then capped and placed on a hotplate at 90° C to
dissolve for about 36 hours.

8. Let samples cool to room temperature then uncap the samples and dry down
at 90° C on a hotplate. When they are near dry reduce the temperature to 80° C
to prevent splattering and then let the samples dry completely.

9. Add 1.46 ml 3 times distilled concentrate HF to each sample. Cap the vials
very tightly and place in a dry bath at 110° C for 48 hours. This step brings all
the high field strength elements (HFSE), including Hf, into solution.

10. Remove samples from the dry bath and let cool down. Ultrasonicate
samples for 1.5 hours. The samples are then shaken vigorously on a shaker for
10 minutes. Then transfer the entire sample and solution from the Savillex vials
into 1.5 ml centrifuge tubes. Centrifuge the samples for 4 minutes at 11,000 rpm.
Rinse the Savillex vials that had contained the samples 3 times with nanopure
water. Pour the leachate within the centrifuge tubes out into the rinsed
corresponding Savillex vials. Add 1.1 ml 3 times distilled concentrate HF into
each centrifuge tube with the remaining solids. Tap each tube vigorously to
dislodge the solids into the HF. Place centrifuge tubes in a shaker and shake
vigorously for 10 minutes, then ultrasonicate for 2 hours. Centrifuge the samples
for 4 minutes at 11,000 rpm and then decant them again into the corresponding
Savillex vials. Repeat the steps of adding 1.1 ml 3 times distilled concentrate
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HF, tapping, shaking, ultrasonicating, centrifuging, and decanting once more for
a total of decanting 3 times.

11. Add 1.1 ml 3 times distilled concentrate HF to the solids in the centrifuge
tubes again, then tap and shake them once more, let sit in solution over night.
The next day shake the centrifuge tubes once more, ultrasonicate for 2 hours,
centrifuge for 4 minutes at 11,000 rpm, and decant the solution into the Savillex
vials. This decanting process concentrates all HFSE into the HF in the Savillex
vials. The remaining solids of each sample in the centrifuge tubes are put aside
for Pb, strontium (Sr) and neodymium (Nd) analyses. The sample solutions in
the 7 mi Savillex vials are what continue on for Hf separation.

12. Place the Savillex vials on a hotplate at 90° C and dry down completely.

13. Add 1.0 ml 3 times distilled 0.5 N HF to each sample and cap them. Shake
the samples then let sit on a hotplate at 90° C for 24 hours.

14. Shake and ultrasonicate the samples multiple times until all solids have
dissolved. Then uncap and place on a hotplate at 90° C to dry down completely.

15. Once dry, add 1 ml 3 times distilled 0.5 N HF: 0.5 N HCI solution to each
sample. Shake the samples and let sit in solution over night at room
- temperature.

16. Shake, ultrasonicate, and heat the samples for 20 to 30 minutes at a time
until all the sample was fully dissolve. Let the samples sit over night at room
temperature again.

Hf Column #1 (Hf-Ti-Zr Separation)

17. Shake the samples for 10 minutes then ultrasonicate for 1 hour to ensure
entire sample has been dissolved.

18. Transfer the dissolved samples into 1.5 ml centrifuge tubes and centrifuge 4
minutes at 11,000 rpm.

Note: The columns to be used are 11 ml polyethylene with AG 1x8 100 — 200
mesh anion exchange resin that fills the column to the top of the stem. The
columns have been cleaned by alternating full reservoirs of 1 time distilled 6 N
HCI and nanopure water dripping through the resin 3 times each, then 1 reservoir
of 4 times distilled concentrate HF, and lastly 3 reservoirs of nanopure water.

19. Condition the clean columns with 6 ml 3 times distilled 0.5 N HF: 0.5 N HCI
solution and let drip through completely.
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20. Pipette the centrifuged samples solutions into the corresponding columns
with clean pipette tips, making sure to not add any solids.

21. Rinse the columns twice, each time with 1 ml 3 times distilled 0.5 N HF: 0.5
N HCI solution. Let the first rinse drip completely through before adding the
second. The solution dripping out of the columns is all waste, collect in waste
containers.

22. Flush out the bulk of the sample with 8 ml 3 times distilled 0.5 N HF: 0.5 N
HCI solution. Then follow with a 10 ml flush with the same solution as the first,
collecting both in waste containers.

23. Rinse the Savillex vials that contained the samples before they were
centrifuged 3 times with nanopure water. Add a drop of 3 times distilled 6 N HCI
to each vial, then cap and flux on a hotplate at about 60° C for at least 30
minutes. Remove the vials from the hotplate, empty into waste containers, and
rinse 3 times with nanopure water.

24. After the flushes have completely dripped through, place the rinsed Savillex
vials under the corresponding columns to collect the elution.

25. Add 6 ml 3 times distilled 6 N HCI to each column to elute Hf, Ti, and Zr.

26. Once all 6 ml HCI has dripped through, add 9 drops of concentrate pure
HCIO, to the vials with the solution. Place the samples in a dry bath at 130° C
and dry down until each sample has about 2 ml of solution. Remove from heat
and let sit over night.

27. Clean the columns by following the procedures described in the note above.

Removal of Fluorides by Perchloric Evaporation

28. Uncap samples and place in dry bath at 150° C, dry down samples until 0.5
ml solution is left.

29. Add 10 drops of concentrate pure HCIO4 to the solution and dry down in the
dry bath until the solution reaches 0.5 ml again. This process is repeated 3
times; after the 3™ time dry the sample down to 0.25 ml then remove from heat,
cap, and let sit overnight.

If at any time during this procedure a precipitate forms (usually appears as a
cloudy white color in the solution) add 3 drops of 3 times distilled concentrate HF
and begin the procedure over again from the first dry down in step 28.
Precipitate may form in a sample more than once, each time add the HF and
begin the procedure over again up to a total of 3 times. Once HF has been

97



added a third time, begin the procedure over and complete whether or not
precipitate forms a 4" time.

By the time the procedure is complete the samples should be in solution with
0.25 concentrate pure HCIO4; all the HCI| and HF has evaporated.

Hf Column #2 (Hf-Zr Separation)

Note: The columns to be used are Savillex PFA Teflon microcolumns with 15 ml
reservoir and 14 cm stem (5 mm I.D.) with a 35 mesh frit. The stem is filled to
the base, of the reservoir with AG 50Wx8 200 — 400 mesh. The columns have
been cleaned by backwashing resin with 10 ml nanopure water, this is done
using a vacuum to pull resin with the water up into the reservoir, then allowing
the resin to resettle in the stem as the water drips through. Then 10 ml of 4 times
distilled 4 N HF wash dripped through, then 2 washes with 10 ml of 6 N HCI, then
a backwash with 10 ml of 2.5 N HCIl. The columns are then stored sealed with
2.5 N HCI filled to the base of the reservoir (all the resin needs to be fully
covered).

30. Unseal the clean columns and allow all 2.5 N HCI to drip through.
31. Condition the columns with 8 ml 2.5 N HCI, allow to drip through completely.

32. Prepare column wash while the condition drips through. For 8 columns: 60
ml 2.5 N HCl is combined with 0.24 ml concentrate H,O in a 60 ml Savillex vial.

33. Prepare samples for loading while the condition continues to drip though. To
each sample add 0.3 ml 2.5 HCI and 30 ul concentrate H,O,, samples should
already contain approximately 0.25 ml HCIO4 from Perchloric evaporation
process. When H20; is added to the sample the sample should become bright
red.

34. Transfer samples to 1.5 ml centrifuge tubes and centrifuge 4 minutes at
11,000 rpm.

35. Load samples onto columns once the condition has completely dripped
through; load them directly onto the resin from the centrifuge tubes with a 200 I
pipette. The bubbles in sample and resin from the H,O, are normal.

36. Rinse columns with 0.4 ml of the prepared 2.5 N HCI and trace H,O, wash.
The rinse and wash are collected with waste containers.

37. Wash columns with 5 ml of the same wash solution, eliminating the bulk Ti.
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38. While the wash drips through, rinse the original Savillex vials that contained
the samples 3 times with nanopure water, then reflux vials with 6 N HCIl. When
the wash is almost completely drained rinse the vials 3 times with nanopure
water.

39. Place cleaned vials under the columns after the wash has completely
dripped through.

40. Elute Hf and Zr with 2.5 N HCI: 0.3 N HF.

41. When all 5 ml are collected place the samples uncapped on hotplate at 90°
C and dry down. Store Hf samples dry and capped until ready to be analyzed.

42. Clean the columns by following the procedures described in the note above.

Lead (Pb) Procedures

If Hf analyses are first conducted:

Use precipitate stored in the centrifuge tubes from the decanting process.

Add 1 ml 3 times distilled 6 N HCI to centrifuge tubes that contain the precipitate,
tap and shake the tubes to dissolve the precipitate into solution. Transfer the
solution into Pb cleaned and labeled 7 ml Savillex vials. Repeat the process of
adding 1 ml 6 N HCI to centrifuge tube and transferring the solution into the
Savillex vials 3 more times, for a total of 4 ml 6 N HCI. Place capped on hotplate
at 90° C and let sit overnight. Continue on step 10 of Pb procedures.

If Hf analyses are not conducted:

L)

Follow Hf procedures: Steps 1 through 8.

9. Once HF has been dried down, add 4 ml 3 times distilled 6 N HCI, cap the
vials and place on hotplate at 90° C and let sit overnight.

10. Uncap vials and place on hotplate at 90° C to dry down. When the samples
are almost dry (when about 0.5 ml are left) turn down heat to 80° C to prevent
splattering. Allow to dry completely.

11. Add 1.78 mi 1 N HBr to dry samples. Heat, shake, and ultrasonicate

samples as needed to aid in dissolving the sample, though some white/clear
solid will remain. Then place capped samples on hotplate overnight at 80° C.
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Pb Column #1

Note: The columns to be used are made of TFE tubing with a 3 ml reservoir and
6 cm stem that holds 500 A AG 1x8 100 — 200 mesh resin. New resin is used
each time. Columns are stored in 8 N HNO3 until ready for use. Resin in stored
in a Teflon dropper bottle in nanopure water.

12. Remove columns from 8 N HNO3 and rinse with nanopure water.

13. For each column, fill stem and about 1 ml of the reservoir with nanopure
water. Tap out all bubbles from the stem. Before the water drains down to the
stem add about 11 drops of resin from the dropper bottle to the column. The
stem needs to be filled to the top with resin. Let the nanopure water drain
through the column.

14. Rinse the resin with 3 ml nanopure water, let drip through completely. While
rinse drains: if Sr and/or Nd are going to be analyzed add 6 N HCI to cleaned 15
ml Teflon vials used for SI/REE. Let flux on a hotplate at 80° C.

15. While the rinse continues to drain, transfer samples into 2 ml labeled
centrifuge tubes, centrifuge for 4 minutes at 11,000 rpm.

16. Wash resin with 3 ml 6 N HCI and let drip through completely. Then wash
resin with 3 ml nanopure water and let drip through completely. Then condition
resin with 1 ml 1 N HBr.

17. Once the condition has dripped through completely, add a few drops of 1 N
HBr to column and pour off into waste to remove excess resin in the reservoir. If
analyzing Sr and/or Nd: remove Sr/REE vials from hotplate and rinse 3 times
with nanopure water. Place the Sr/REE vials under the columns to collect bulk
waste from Pb columns; the bulk waste will contain the Sr and REEs from each
sample. :

18. Pour samples from centrifuge tube into corresponding columns, let drip
through completely.

19. Add 1 ml 1 N HBr wash, let drip through completely. Then add 3 ml 1 N HBr
wash, let drip through completely. If collecting for Sr and/or Nd: remove Sr/REE
vial and cap the vial. Place aside with the centrifuge tubes containing precipitate
for Sr and/or Nd procedures later. Place waste beakers under the columns.

20. Add 2.5 ml 2 N HCI wash to columns, let drip through completely. While

wash drains, rinse original Savillex vials containing samples 3 times with
nanopure water.
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21. Place rinsed Pb vials under corresponding columns and then elute Pb with 3
ml 6 N HCI.

22. Place the vials uncapped on hotplate and dry down the samples overnight at
65° C.

. 23. Rinse resin out of the columns with nanopure water, then store columns in 8
N HNO:s.

Pb Column #2

Note: The columns to be used are made of TFE tubing with a 1.5 ml reservoir
and 5 cm stem that holds 200 A AG 1x8 100 — 200 mesh resin. New resin is
used each time. Columns are stored in 8 N HNO3 until ready for use. Resin in
stored in a Teflon dropper bottle in nanopure water.

24. Remove columns from 8 N-HNO3 and rinse with nanopure water.

25. For each column, fill stem and about 0.5 ml of the reservoir with nanopure
water. Tap out all bubbles from the stem. Before the water drains down to the
stem add about 5 drops of resin from the dropper bottle to the column. The stem
needs to be filled to the top with resin. Let the nanopure water drain through the
column. '

26. Rinse the resin with 1 ml nanopure water, let drip through completely.

27. While the rinse drains: add 1 drop 2 N HCI to the dried down sample that
was eluted from Pb column #1. Roll the drop of HCI around the vial to dissolve
sample. Add 0.5 ml 1 N HBr, and then cap the vials and place on hotplate at
about 45° C to warm samples.

28. Wash resin with 1 ml 6 N HCI and let drip through completely. Then wash
resin with 1 ml nanopure water and let drip through completely. - Next, condition
resin with 1 ml 1 N HBr. Once the condition has dripped through completely, add
a few drops of 1 N HBr to column and pour off into waste to remove excess resin
in the reservorr.

29. Add 0.4 ml 1 N HBr to each vial with sample, swirl solution to dissolve any
remaining sample, then pour samples into corresponding columns, let drip
through completely.

30. Add 0.8 ml 1 N HBr wash, let drip through completely. Then add 0.8 ml 2 N
HCI wash to columns, let drip through completely.
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31. Place original Pb vials under corresponding columns and then elute Pb with
1 mli6 N HCI.

32. Place the vials uncapped on hotplate and dry down the samples at 80° C.

33. Rinse resin out of the columns with nanopure water, then store columns in 8

34. Once the Pb sample has dried completely add 2 drops concentrate HNOs,
swirl around to dissolve. Dry down on a hotplate at 80° C then store Pb samples
dry and capped until ready to be analyzed.

Strontium (Sr) and Neodymium (Nd) Procedures

Note: Assuming Pb has been run, using precipitates in centrifuge tubes and the
Pb bulk waste collected in Sr/REE 15 mi Savillex vials from Pb column #1.

Dissolution

1. Add the precipitate from the centrifuge tubes to the corresponding Sr/REE
vials. Liquid from the vials may be added to the precipitate in the centrifuge
tubes and shaken to help dislodge the precipitate, and then add to the vials. Add
1 ml concentrate HNO3 to the centrifuge tubes to dissolve any remaining
precipitate, and then pour into the vials. Swirl vials gently to help dissolve the
solids. Then place samples uncapped on hotplate to dry down at 90° C.

2. Add 2 ml 6 N HCI to dry samples, this should dissolve most solids. Heat on
hotplate capped for about 1 hour at 90° C. Then uncap and dry down on hotplate
at the same temperature.

3. Add 1 ml 2.5 N HCI to dry sample. Let the samples heat overnight, capped,
on a hotplate at 90° C.

4. Transfer samples from the Sr/REE vials into labeled 2 ml centrifuge tubes.
Centrifuge for 4 minutes at 11,000 rpm. Decant the liquid from the centrifuge
tubes back into the corresponding vials. Add 1 ml 2.5 N HCI to the solids
remaining in the centrifuge tubes, tap the centrifuge tubes to dislodge the solids
and then shake them to break up the solids and possibly dissolve some.
Centrifuge for 4 minutes at 11,000 rpm, and then decant the liquid into the
corresponding vials. Repeat the process one more time with 1 ml 2.5 N HCL.
The Sr and REE are in the leachate in the vials.

5. Dry down samples overnight at 65° C.
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Sr/REE Column (Sr Column #1)

Note: The columns to be used are quartz glass with a 19 ml reservoir and a 20
cm stem that is 0.5 cm in diameter. The stem holds 3.7 ml of 100 — 200 mesh
hydrogen form AG 50Wx8 BioRad cation exchange resin, held by a 35 mesh frit,
new resin is used each time. The columns are stored in 8 N HNOj3; until ready for
use.

6. Remove columns from 8 N HNO3 and rinse them with quartz distilled water.
Fill the stems with 2.5 N HCI and then add resin to the stem so that resin is filled
to the base of the reservoir, the resin must be filled exactly to this point.

7. Condition the resin with 25 ml 3 times distilled 2.5 N HCI. While the condition
is dripping through, add 0.6 ml 3 times distilled 2.5 N HCI to the dry samples.
Place the samples on the hotplate to warm at 45° C until ready to be loaded on
column.

8. Once condition has dripped completely through, load sample onto resin with a
1 ml pipette. Then add 0.5 ml 3 times distilled 2.5 N HCI to the empty Sr/REE
vials, swirl to dissolve any remaining sample, and then load solution onto the
column. Repeat with another 0.5 ml 3 times distilled 2.5 N HCI.

9. Wash column with 15 m| 3 times distilled 2.5 N HCI, collect in waste beaker.
While the wash is dripping rinse the Sr/REE 3 times with nanopure water, then
add 6 N HCI, cap, and flux on hotplate at 80° C. After condensation is seen on
caps then remove from hotplate and rinse 3 times with nanopure water. These
will be used to collect Sr elution.

10. Get a second set of vials to collect REE, vials should be cleaned 15 ml
Savillex. Label vials then add 6 N HCI, cap, and let flux on hotplate at 80° C.
Before REE are eluted, remove vials from hotplate and rinse 3 times with
nanopure water.

11. After the wash has completely dripped through place clean Sr vials under the
columns. Elute Sr with 10 ml 3 times distilled nanopure water. Once all has
dripped through remove the Sr vial and cap. Place waste beakers under
columns.

12. Wash column with 13 ml 2.0 N HNO3;, then wash with 10 ml 2.0 N HNO..
After that has completely dripped through, wash column with 1 ml 6.0 N NHO;.

13. After the HCI wash has dripped through, place clean REE vials under the
columns. Elute REE with 9.5 ml 6.0 N HNO3;. Remove REE vial and cap.
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14. Rinse resin out of columns with quartz distilled water then place columns
back into 8 N HNOs.

Preparation for Sr Column #2

15. Dry down sample in Sr vial on hotplate at 90° C. Once sample has about
0.25 ml liquid left, turn down to 70° C. Be careful of static.

16. Once samples are dry add 0.5 ml 3 N HNO3 and cap. Let stand for at least
one night before running through columns. Do not heat sample, let sit at roo
temperature. '

EiChrom Sr-Spec Column (Sr Column #2)

Note: the columns to be used are made from TFE shrink tubing with a 3 mli
reservoir and a 4.5 cm stem. The stem holds 0.25 ml EiChrom Sr-Spec resin
with a 35 mesh frit, new resin is used each time. Columns are stored in 8 N
HNO; untit ready for use. The resin is stored in a Teflon dropper bottle with
quartz distilled water.

17. Remove columns from 8 N HNO3 and rinse with quartz distilled water.

18. For each column, fill stem and about 1 ml of the reservoir with quartz distilled
water. Tap out all bubbles from the stem. Before the water drains down to the
stem add about 14 drops of resin from the dropper bottle to the column. The
stem needs to be filled to the top with resin. Let the quartz distilled water drain
through the column.

19. Rinse the resin with 1 ml quartz distilled water and let drip through
completely. Then condition the resin with 0.75 ml 3 times 3 N HNOas. ‘

20. Once all the condition has dripped through, pour samples from the vials into
the corresponding columns and let drip through completely, collect in waste
beakers. Rinse the sample vials 3 times with quartz distilled water, then add 6 N
HNO; to the vials, cap, and flux on a hotplate at 90° C. Before eluting Sr from
the columns remove the vials from heat, pour out HNO; into waste, and rinse 3
times with quartz distilled water.

21. Wash column with 0.75 ml 3 N HNO3 and let completely drip through. Then
wash with 2 ml 3 N HNO3; and let completely drip through.

22. Place cleaned Sr vials under the columns, and then elute Sr with 1 ml quartz
distilled water. Once all of the water has dripped through place Sr vials on the
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hotplate, uncapped, and dry down at 80° C. Store Sr samples dry and capped
until ready to analyze.

23. Rinse resin out of the columns with quartz distilled water, then store columns
in 8 N HNO:s.

Preparation for Nd Column

24. Dry down sample in REE vial on hotplate at 90° C. Once sample has about
0.25 mi liquid left, turn down to 70° C. Be careful of static.

25. Once samples are dry add 0.3 ml 0.18 N HCI and cap. Let stand for at least
two nights at room temperature before running through columns. If samples are
not dissolving, alternate between heating on hotplate at 45° C for an hour at a
time and ultrasonicating for an hour at a time, do so until samples are dissolved.

EiChrom SPS Ln-Spec Column (Nd Column)

Note: the columns to be used are quartz glass with a 20 ml reservoir and a 10 cm
stem that holds about 4 ml resin with a 35 mesh frit. There are 3 layers of resin
that fill the stem: about a 2 mm layer of 200 — 400 mesh BioRad anion exchange
resin base directly on top of the frit, the layer above the base is EiChrom SPS Ln-
spec resin that fills the stem up to about 4 mm below the top of the stem, the
upper 4 mm of the stem is filled with a 200 — 400 mesh BioRad anion exchange
resin cap that holds the Ln-spec in place. The columns are cleaned by washing
with 2 ml 6 N HCI, then 6 ml 6 N HCI. Next a2 ml 0.1 N HCl wash and a 10 ml
0.1 N HCI wash are run through the columns. Lastly a2 ml 0.18 N HCI followed
by a 4 ml 0.18 N HCI are run through the columns. The columns are sealed with
the last 4 ml 0.18 N HCI wash in the column-to keep the resin wet, and they are
stored until ready for use.

26. Unseal the columns and let the 0.18 N HCI wash drain through the columns,
collect in waste beakers.

27. Rinse clean pipettes with 0.18 N HCI, one pipette is needed for each sample
plus one extra. Once the columns have drained, pipette each sample into the
corresponding column. Add 0.3 ml 0.18 N HCI to each vial (with extra pipette) to
dissolve any remaining sample, and then pipette the vial rinses into
corresponding columns.

28. Wash column with 0.3 ml 0.18 N HCI. Then wash with 17.1 ml 0.18 N HCI.
While the wash is dripping through add 6 N HCI to the REE vials, cap, and flux
on hotplate at 90° C. Before eluting Nd pour out HCI into waste container and
rinse the vials 3 times with quartz distilled water.
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29. After wash has dripped completely through, place clean REE vials under
corresponding columns and elute Nd with 2 ml 0.18 N HCI, let completely drip
through, followed by 6 ml 0.25 N HCL. Once all the HCI has dripped through,
place the vials uncapped on the hotplate at 90° C and dry down. Store Nd
sample dry and capped until ready to analyze.

30. Clean columns following the instructions listed in the note above.
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APPENDIX E
ISOTOPE STANDARDS

~ The Nu Plasma 1700 multicollector inductively coupled plasma mass
spectrometer (MC-ICP-MS) in the Baylor Brooks Institute for Isotope Geology in
the Department of Geological Sciences at San Diego State University was used
to measure new Hf, Pb, and Nd isotope ratios. All samples and standards were
diluted in in 0.05 N HNO3, and about 2 mL of solution was needed for each run.
Hf samples and standards were diluted to 100 ppb. Hf isotopic measurements
were corrected for instrument drift using standard-sample-standard bracketing
with the JMC 475 Hf standard was measured twenty-two times, throughout the
analyses, and values are reported in Table 14.
| Pb samples and standards were diluted to 30 ppb Pb. The Tl-doping
technique was used to correct the standards isotopic values for Pb analyses
using NIST SRM 997 TI (White et a‘I., 2000; and Albaréde et al., 2004) and
205T)/20%T] = 2.3889 (Thirlwall, 2002). About 6 ng Tl from the NIST SRM 997 Ti
was added to‘ 2 mL of the diluted samples and standards to bring the
concentrations up to 3 ppb TI. Within-run fractionation of sample isotopic values
was corrected by using standard-sample-standard bracketing and a delta
correction using NIST SRM 981 Pb and values from Todt et al. (1986). The NIST
SRM 881 Pb standard was run seven times throughout the analyses and the

values are reported in Table 15.
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Nd samples and standards were diluted to 70 ppb Nd. Nd isotopic
measurements were corrected for instrument drift using standard-sample-
standard bracketing. The AMES Nd standard was run eight times and the values
are reported in Table 16. La Jolla was measured between standards and
reported a corrected value of *Nd/"*Nd = 0.511840 + 0.000003. Within run
fractionation was corrected for using "*°Nd/"**Nd = 0.7219.

Sr isotopic values were measured with a VG Sector 54 thermal ionization
mass spectrometer (TIMS) at San Diego State University. The Sr isotopic values
were corrected for fractionation using the NIST SRM 987 Sr standard. The
standard was run eleven times and values are reported in Table 17,

Table 14:

Ht Standard Measarements
JMC 475 at 100 ppb HE

run # s R
1 0.282141
2 0.282140
3 0.282139 .
4 (1282139
5 0.282138
6 4282141
7 0.282142
8 0.282145
] 0.282140
10 0.282145
11 0282143
12 0.282137
13 0.282144
14 0282144
15 0.282140
16 0.282141
17 | 0.282142
18 0.282141
19 0.282142
20 0252138

24 0.282136
22 .252139
Average 4.282141
Std. Dev. 0.000002
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Table 15:

Pb and Tl Standard Measurements

NIST SRM 981 at 30 ppb Pb. NIST SRM 997 at 3 ppb TI

run# Doty WeppMpp WppfMpy  pRAMoy
1 2 4305 - 38.008 15904  17.237
2 24310 38.012 15.906 17.238
3 24311 38.019 15.908 17.240
4 24308 38.007 15904 17.237
5 2.4308 38.007 15.905 17.237
6 24313 38.023 15.910 17.241
7 2 4710 35.014 15.907 17.239
Average 24309 38.013 15.906 17.238
Std. Dev. 0.0003 0.007 0.002 0.002
Table 16:

fid Standard Measurements
AMIES at 100 ppb Nd

run #

A M

0.512107
D.512110
0.512106
0.512107
0.512115
0.512116
0.512118
0.512107

Average

0.512111

Std. Dev.

0.000005

Table 17:

5r Standard Measurements
NIST SR 987 5r

run #

oy

T RSN 4 R S WU R

10
11

0.710232
0.710231
- 0710236
0.710240
0.710238
0.710243
0.710241
0.710237
0.710235
0.710228
0.710241

HAwerage

0.710237

- Sid Dev.

0.000005
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