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ABSTRACT 

 

 This dissertation employs chemical analysis as a tool to explore past environments and 

processes, and to examine the viability of matrix-independent standardization of laser ablation 

inductively coupled plasma mass spectrometry. 

 The Pleistocene deposits at Zhoukoudian, often referred to as the “Peking Man” Site, 

contain dental remains from a diverse group of herbivores, including Equus sanmeniensis, 

Cervus elaphus, Cervus nippon, Megaloceros pachyosteus, Sus lydekkeri, and Dicerorhinus 

choukoutienensis. The carbon and oxygen isotopic compositions of structural carbonate within 

the enamel of these teeth are used to reconstruct the paleodiet and paleoenvironment of the 

mammals. The "13C values of enamel from Zhoukoudian range from #2.3‰ to #13.0‰, 

indicating that these mammals consumed between ~25% to 100% C3 plants. The presence of 

significant amounts of C4 plants in the diets of some herbivore species indicate that at the 

beginning of the Middle Pleistocene local habitats included mixed C3/C4 vegetation. By 

approximately 470,000 yr ago, C3 plants dominated the diets of herbivores studied, suggesting 

that the abundance of C4 flora had decreased in the area. For all deer analyzed in this study, the 

values of "13C and "18O decrease substantially from about 720,000 to 470,000 yr ago. This trend 

may be due to a strengthening of the winter monsoon during the Middle Pleistocene. 

 In preparation for the analysis of NASA Stardust material, matrix-independent LA-ICP-

MS standardization is explored and applied to the measurement of elemental abundances in 

aerogel, the silica foam matrix in which Stardust materials are embedded. To determine the 

degree to which matrix affects elemental abundance measurements in LA-ICP-MS analysis, and 

describe these effects in term of elemental properties, elemental sensitivity ratios (ESRs) from a 

multi-element solution and from the laser ablation of a range of silicate standards are measured. 

For all analyses, ESRs depend strongly on element mass and first ionization potential (FIP), as 

expected. For laser ablation of the nearly transparent SRM 612, ESRs show an additional 

dependence on elemental temperature of condensation (Tc). To explore the relationship between 

this volatility dependence and matrix transparency, the range of transparencies available in the 

SRM 61X series is exploited. With increasing transparency of glasses, LA-ICP-MS analyses 

show progressive volatility dependence, with measured concentrations of refractory elements 

being lower, and measured concentrations of volatile elements being higher, than reported 



 xii 

concentrations. This effect is minimized, and possibly negated, by increasing laser energy output. 

All non-transparent glasses analyzed (MPI-DING glasses and USGS BHVO-2G and BCR-2G) 

show no resolvable matrix-dependent elemental fractionation and may be used interchangeably 

with an accuracy of better than 10%.  

 Based on the measured concentration offsets in the above silicate standards, the 

approximate offsets for NASA Stardust samples, given their Fe to Si ratios, are < 20%. As comet 

particles are composed of metals and sulfides, in addition to silicates, standardization 

investigations are extended to include these materials by calibrating metal and sulfide standards 

against ESRs measured from a basalt glass. Independent of standard matrix, measured metal and 

sulfide concentrations are accurate to within ~20%. Concentration offsets show no observable 

relationship to element volatility. 

 To assess the magnitude of the aerogel background in LA-ICP-MS analysis of Stardust 

material, the elemental abundances and distributions of 48 elements in pre-flight aerogel are 

analyzed. Measurements in this study agree well with previous bulk analysis (Tsou et al., 2003), 

and obtained detection limits are about 100-fold lower than those reported for bulk analysis. The 

amount of material of chondritic composition necessary to overcome the aerogel blank is 

calculated: for a 20 µm diameter particle most elements would be recovered; for a 100 µm 

particle all elements except for Sn would be detected. Finally, two Stardust analogues are 

evaluated, demonstrating our ability to recover elemental abundances and confirming the lack of 

a substantial volatility-dependent fractionation during LA-ICP-MS analysis of materials 

embedded in aerogel. Unfortunately, during the creation of the embedded analogue, 

contamination was introduced by the firing of the gas gun. The accuracy of the LA-ICP-MS 

technique, therefore, cannot be quantified with analogues produced in this manner.  

 We conclude that 1- matrix-independent standardization of LA-ICP-MS analysis of non-

transparent silicates and ceramics is an accurate and viable tool that can best be employed by 

avoiding calibration with transparent standards, 2- the LA-ICP-MS analysis of materials 

embedded in aerogel should not be hindered by volatility-dependent elemental fractionation, and 

3- matrix-independent standardization between silicates, metals, and sulfides is appropriate for 

the LA-ICP-MS analysis of Stardust materials. 
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CHAPTER 1 

 

INTRODUCTION 

 

Chemical signatures of geologic materials often record information about environments 

and processes of their formation. Accurate recovery of this information allows for the 

examination of both the relatively recent and deep past of Earth’s history, depending on the age 

of the material. Stable carbon and oxygen isotopic signatures preserved in herbivore tooth 

enamel are employed to reconstruct Cenozoic environments. Our solar system’s deep history can 

be examined through analysis of the elemental abundances contained in the earliest meteorites 

and comets. Using mass spectrometry as a geochemical tool, both the stable isotope ratios 

preserved in tooth enamel and the elemental abundances of comets can be teased apart.  

In Chapter 2 of this dissertation, carbon and oxygen isotopic ratios are employed to 

examine changes in paleovegetation and paleoclimate during the mid-Pleistocene at the Peking 

Man Site, well-known for its intermittent occupation by H. erectus. Carbon isotopic ratios 

measured from tooth enamel indicate the proportion of C3 and C4 plants in the diets of the 

herbivorous species studied. C3 plants photosynthesize through the Calvin cycle and comprise 

the majority of plant species, including trees, shrubs, and cool season grasses. C4 plants, mostly 

warm season grasses, photosynthesize through the Hatch-Slack pathway, and are less depleted in 
13C. A ratio of the C3 to C4 plants in the diet of the animals is often calculated using a simple 

mass balance equation. Paleovegetation of a site is inferred from this ratio; ratio changes over 

time may indicate habitat changes. Oxygen isotopic ratios in tooth enamel are dependent on the 

biology of the organism and its environment. Enamel phosphate and carbonate precipitate in 

oxygen isotopic equilibrium with body water and, in large homeotherms, the oxygen isotopic 

ratio of body water is primarily determined by that of ingested liquid water (Longinelli, 1984; 

Luz et al., 1984; Bryant and Froelich, 1995). Changes in the oxygen isotopic signature of local 

meteoric water should therefore be recorded in the tooth enamel. The carbon and oxygen isotope 

data from the Peking Man Site reveal significant changes in local climate and habitats from 

about 750,000 years to ~150,000 years ago, which has important implications for understanding 

human evolution in East Asia.  This chapter has been published in a peer-reviewed international 

journal Quaternary Research (Gaboardi, et al., 2005). 
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Chapters 3 and 4 are devoted to the development and application of a new method for 

analyzing comet materials. Recently returned NASA Stardust samples, comet materials captured 

in low-density silica foam, contain information about the history of the early outer solar system. 

In preparation for chemical abundance measurements of these samples, a method is developed 

for the laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) analysis of 

particles embedded in this aerogel matrix. The greatest hindrance to accurate LA-ICP-MS 

analysis of this material was the previously documented matrix-dependent elemental 

fractionation (e.g., Guillong and Günther, 2002, Rodushkin et al., 2002, Ko!ler et al., 2005), 

which could result in inaccurately measured elemental abundances. This issue was resolved in 

other studies by matching the matrix of the calibrating standard to that of the sample (e.g., Ko!ler 

et al., 2005, Jochum et al., 2007). This is not possible for the analysis of Stardust material, 

however, as the comet particles are embedded in an atypical aerogel matrix, and each track may 

contain a range of silicate, metal, and sulfide particles. Further, the accurate recovery of the wide 

range of cosmochemically interesting elements in the comet material requires standardization 

against a range of matrices. In Chapter 3, the elemental fractionation during LA-ICP-MS 

analysis of silicate glasses is examined and described in terms of elemental properties (mass, first 

ionization potential, and volatility). In Chapter 4, elemental abundances in aerogel are measured, 

the approximate amount of comet material needed to overcome this background is calculated, 

and Stardust analogues are analyzed in preparation for the LA-ICP-MS analysis of comet 

material.  Finally in Chapter 4, the reliability of matrix-independent LA-ICP-MS standardization 

between silicates, metals, and sulfides is evaluated. Chapter 3 is in review with the Journal of 

Analytical Atomic Spectrometry (Gaboardi and Humayun, 2009). Chapter 4 will be submitted to 

Meteoritics and Planetary Sciences. 
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CHAPTER 2 

 
MIDDLE PLEISTOCENE CLIMATE AND HABITAT CHANGE AT ZHOUKOUDIAN, 

CHINA: THE CARBON AND OXYGEN ISOTOPIC RECORD FROM HERBIVORE 

TOOTH ENAMEL 

 

Introduction 

 

Zhoukoudian, located about 50 km to the southwest of Beijing (Figure 2.1), is of great 

significance in human evolution studies. Fossils attributed to Homo erectus, originally called 

Sinanthropus pekinensis, and Homo sapiens attest to the intermittent occupation of the area by 

hominids during the Middle and Late Pleistocene. Discovered among the plentiful hominid 

remains were quartzite flakes and choppers, burnt bones, abundant vertebrate fossils, and 

possible ash (Black et al., 1933; Jia, 1980).  

 In an attempt to better understand the local climate and habitat in which early humans 

lived, many traditional paleoclimatological studies have been performed at the “Peking Man” 

site, including pollen analysis, faunal assemblage studies, and sedimentological investigations 

(Jia, 1980; Liu, 1985; Wu et al., 1985; Zhu and Zhou, 1994; Goldberg et al., 2001). An 

independent method for reconstructing the local paleoclimate has been established involving the 

analysis of isotope fractionation within the enamel of herbivore molars. Because herbivore teeth 

are abundant within the sedimentary deposits at Zhoukoudian, this type of analysis can be of use 

to paleontologists and anthropologists attempting to piece together the paleoenvironment in 

which hominids at Zhoukoudian lived. In addition, paleoclimate and paleovegetation records 

from this site can be compared with other records, such as the deep-sea oxygen isotope records 

and the Chinese loess-paleosol sequences. This can improve our understanding of the natural 

variability of the Earth’s climate system and how terrestrial plants have had to adapt to changes 

in the climate. 

 In this study the carbon and oxygen isotopic ratios of structural carbonate in fossil tooth 

enamel from a diverse group of herbivores from Zhoukoudian are analyzed. The objective is to 

determine the ratio of C3 to C4 plants in the diet of these species and reconstruct the 

paleoenvironment at the site. 
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Figure 2.1. Map showing the monsoonal systems that influence Beijing, China and the location 

of Zhoukoudian in relation to Beijing.  

 

 

 

Stratigraphy, chronology, and geographic setting of the site 

 

Within Zhoukoudian is a series of caves produced by the intersection of two vertical 

joints in the surrounding Ordovician limestone. The three caves sampled in this study include 

Locality 1, Locality 22, and Upper Cave. The main cave, Locality 1, is divided into 17 

stratigraphic units. The deposits within this cave are indicative of a “gradually filled, open-air 

cave” environment (Goldberg et al., 2001). Vertebrate fossils have been found in the 13 

uppermost units (Lin, 1994). Homo erectus fossils are found in Layer 10 to Layer 3, as are many 

artifacts. Reviews of Locality 1 can be found in Wu et al. (1985), Wu and Porier (1995), and 

Boaz and Ciochon (2004).  

Many dates have been published for the layers of Locality 1. Table 2.1 displays the 

estimated layer ages used in this paper. It should be noted that most previous paleoclimate 

reconstructions assign much younger dates to the upper layers of Locality 1 (e.g., Xu et al., 

1997). These younger dates are based largely on electron spin resonance (ESR) and uranium-

series (U-series) dating of bone, tooth, or antler material. Because the dated material is not a 

closed system, assumptions about the uptake of uranium must be made before dates can be 

assigned. The authors accept as most reliable the U-series date of Shen et al. (1996) and the 

correlation of the Brunhes-Matuyama (B/M) boundary by Qian et al. (1985). U-series dating was 

done on a speleothem- a closed system, with high precision thermal ionization mass  
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Table 2.1. Dates (10
3
 yr) of stratigraphic units at Locality 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Notes: Data is cited from the authors indicated: 1-Grun, 1997 (early uptake; linear uptake 

estimates); 2-Guo et al., 1991; 3-Huang et al., 1991; 4-Huang et al., 1993; 5- Pei, 1985; 6-Qian et 

al., 1985; 7-Shen et al., 1996; 8-Shen and Jin, 1991; 9-Spell and McDougall, 1992; 10-Yuan and 

Chen, 1980; 11-Zhao et al., 1985. Dates in bold print are those which the authors accept as the 

most reliable. Estimated ages (based on bold dates) from Zhou et al., 2000 are used within this 

paper to construct a time scale against which to report isotopic data. Due to uncertainty with 

absolute age assignment, the Layer within which the tooth was found is reported with data. 

Acronyms: thermoluminescence (TL), fission track (FT), electron spin resonance (ESR). 
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spectrometry (TIMS) to produce a date of 414,000 +/- 13,000 yr for Layer 2 (Shen et al., 1996). 

40
Ar/

39
Ar dating was performed on the B/M boundary to get a date of 780,000 yr (Spell and 

McDougall, 1992). This reversal is correlated with Layer 14 of Locality 1 by Qian et al. (1985). 

Zhou et al. (2000) use these dates and a synthetic climatic index curve to correlate the 

layers of Locality 1 with the marine oxygen isotope (MOI) stages and the Baoji section of the 

Chinese loess. This correlation can be seen in Figure 2.2, along with an alternative correlation by 

Xu et al. (1997). Using their correlation, Zhou et al. (2000) extrapolate approximate ages for the 

layers of Locality 1. These estimated ages are used in this paper to construct a time scale for 

interpreting isotopic data. Because of uncertainty in dating these layers, samples in this study are 

attributed to a layer rather than to an absolute age.  

Additionally sampled are Upper Cave and Locality 22, also within Zoukoudian. 

Accelerator radiocarbon dating of fossil bone from Upper Cave produces dates of 33,200 ± 820 

and 33,460 ± 2000 
14

C yr B.P. (Chen et al., 1992).  

Locality 22 is a fissure deposit located 40 m above the modern Zhoukou River (Lin, 

1994). No absolute dates have been measured from this site. Based on relative dating of fauna, 

Locality 22 is believed to be younger than Locality 1 and older than Upper Cave, with an 

estimated age range of 100,000 to 200,000 yr old (Chia et al., 1959). 

Geographically, Zhoukoudian is at the western edge of the Great North China Plains, just 

to the east of the Western Hills (see Figure 2.1). Zhoukoudian is named after the village located 

to the south, but the Chinese name for the site itself is Longgushan, or Dragon Bone Hill (Boaz 

and Ciochon, 2004). Locality 1, Upper Cave, and Locality 22 are all located on Dragon Bone 

Hill, between 40 and 160 m above sea level (Liu, 1985). The Zhoukou River winds past 

Zhoukoudian to the west. Water level varies with precipitation from almost dry in the spring to 

turbulent in the late summer (Lin, 1994). Currently the average temperature is 11.8ºC and the  

average annual precipitation is about 650 mm with most of the precipitation falling in the 

summer. There are strong seasonal variations in both temperature and precipitation in the area 

due to the influence of the summer and winter monsoonal systems. The monsoons are global 

systems driven by differing ocean-continent heat capabilities. The summer monsoon is powered 

by warm air from above the Pacific Ocean moving onto the Asian continent. When it reaches 

East Asia from the south and east, it is laden with moisture and, near 30ºN, encounters cold air 
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Figure 2.2. Correlation between layers at Zhoukoudian and marine oxygen isotope stages based 
on Xu et al. (1997) on left. Correlation between layers at Zhoukoudian and marine oxygen 
isotope stages based on Zhou et al. (2000) on right. Even marine oxygen isotope stages 
correspond to glacial periods; odd stages are interglacial. Loess/ paleosol sequence from the 
Baoji section of the Chinese Loess Plateau on far right. “S” corresponds to paleosol while “L” 
corresponds to loess. Diagram of marine oxygen isotope stages and loess/paleosol stratigraphy 
modified from Porter, 2001 (after Williams et al., 1988; Rutter et al., 1991). 
 

 

 

flowing from the northwest. The contact of these two air masses forms the Mei-Yu front that 

drops large amounts of rain over Eastern Asia. In warmer months the Mei-Yu front may shift 

north, dropping precipitation at increasingly higher latitudes. By mid-September, the continent 

cools sufficiently to form a high-pressure cell at about 100ºE, 50ºN. Cold air then flows down 

from the Mongolia-Siberia region. Thus the winter monsoon is characterized by cold, dry, 

continental air which produces frigid temperatures and very little precipitation as far south as the 

South China Sea (Liu and Ding, 1998). As these monsoons are interconnected to global 
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circulation patterns, changes in local, monsoonally driven weather should be related to global 

climate changes.  

In the monsoon regions in China, the stable isotopic composition of precipitation varies 

with monsoon intensity (Johnson and Ingram, 2004). Because Zhoukoudian is located almost 10º 

north of where the Mei-Yu front originates, the site has strong potential to record changes in the 

monsoonal intensity over time. These changes at Zhoukoudian should be observable in the 

oxygen isotopes preserved in tooth enamel. 

The distribution of C3 and C4 vegetation in the area at present has been strongly modified 

by human settlement and crop cultivation. However, changes in the relative abundances of C3 

and C4 plants over time are recorded in the loess record (Zhang et al., 2003; Vidic and Montañez, 

2004) and can be estimated from the carbon isotopes of tooth enamel.  

 

Rationale 

 

Bioapatite is the mineral that makes up bones, tooth enamel, and dentine.  All three 

materials have been used in previous studies with tooth enamel being the most resistant to 

diagenesis. For this reason, and because tooth enamel is not reworked throughout the life of the 

organism, enamel is the preferred medium from which to extract “structural” carbonate for 

carbon and oxygen isotopic measurements (Lee-Thorp and van der Merwe, 1987; Lee-Thorp and 

van der Merwe, 1991). Carbon isotopic ratios measured from tooth enamel indicate the 

proportion of C3 and C4 plants in the diets of the herbivorous species studied. C3 plants, which 

photosynthesize through the Calvin cycle, comprise the majority of plant species including trees, 

shrubs, and cool season grasses. "
13

C values for C3 plants range from #22‰ to #35‰ with an 

average of #27‰ (Smith and Epstein, 1971; O’Leary, 1988; Fogel and Cifuentes, 1993). C4  

plants, mostly warm season grasses, photosynthesize through the Hatch-Slack pathway. They are 

less depleted in 
13

C, with a "
13

C range of #19‰ to #9‰ and an average of #13‰ (Smith and 

Epstein, 1971; O’Leary, 1988). Although C3 plants have more variable "
13

C signatures due to 

moisture and/or light stress, they are consistently more negative than C4 species.  

During animal uptake and tooth enamel production, the "
13

C values from plants are 

further fractionated, with a consistent enrichment of 12-14‰ observed (Kreuger and Sullivan, 

1984; Lee-Thorp et al., 1989, Cerling and Harris, 1999). A ratio of the C3 to C4 plants in the diet 
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of the animals can be calculated using a simple mass balance equation. Changes in that ratio over 

time may indicate habitat changes. When coupled with "
18

O values these changes may attest to 

fluctuations in climate at the locality. 

 The primary factor in determining the "
18

O of body water is the "
18

O of the meteoric 

water ingested by the animal (Longinelli, 1984). Other important factors include humidity, diet, 

and behavior (Luz and Kolodony, 1985; Luz and Kolodny, 1989). Because of the influences of 

diet and behavior, it is best to analyze a single genus over time and then compare inter-generic 

trends in order to examine environmental changes (Koch et al., 1994; Kohn et al., 1998). Oxygen 

isotope fractionation in meteoric water is mass dependent and follows the Raleigh distillation 

process such that it is affected by the amount of original vapor remaining and the temperature of 

original condensation (Dansgaard, 1964). With colder temperature and/or more rainout, "
18

O 

values become more negative. 

  

Methods 

 

 Following an established procedure (Wang et al., 1994) the enamel was manually cleaned 

and separated from the dentine using a hand-held Dremel© and approximately 300 mg of tooth 

was then ground into a fine powder. The powder was then treated with weak (5%) sodium 

hypochlorite overnight to remove any remaining organics, rinsed with deionized water over glass 

filter paper and freeze dried. Next the powder was allowed to react overnight under a weak 

vacuum with 1M acetic acid to eliminate any nonstructural carbonates. It was again washed and 

freeze dried. About 100 mg of the bioapatite powder was placed in a tube, evacuated on a 

vacuum line, and allowed to react for about 48 hours with 100% phosphoric acid at 25˚ C. The 

CO2 produced was extracted using a vacuum line and analyzed on a Mat Delta S Finnigan mass 

spectrometer. The isotopic results are reported in the standard per mil (‰) notation as "
13

C and 

"
18

O relative to the international carbonate standard VPDB:  

 "=[(Rsample/Rstandard)-1] x 1000    Equation 2.1 

where R=
13

C/
12

C or 
18

O/
16

O. Analytical precision for both "
13

C and "
18

O is better than 0.1‰. 

 We analyzed 70 samples from six species from Layers 13 through 3 at Locality 1 and 

from Locality 22 and Upper Cave. The species include Equus sanmeniensis (horse), 
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Megaloceros pachyosteus (Irish elk), Dicerorhinus choukoutienensis (rhino), Cervus nippon  

(sika deer), Cervus elaphus (red deer), and Sus lydekkeri (pig).  

  

Results and Discussion 

 

"
13

C of tooth enamel 

 The "
13

C values of tooth enamel from Zhoukoudian fall between #2.3‰ and #13.0‰ 

(Table 2.2, Figures 2.3 and 2.4), indicating that the diets of these herbivores consisted of ~25% 

to 100% C3 plants. Some species are isotopically distinct from others, reflecting differences in 

dietary preferences and resource utilization. The data show that E. sanmeniensis and C. nippon 

had incorporated some C4 plants into their diets, whereas D. choukoutienensis and M. 

pachyosteus were feeding predominantly on C3 plants. The presence of significant amounts of C4 

plants in the diets of horses (E. sanmeniensis) and deer (C. nippon), suggests that C4 vegetation 

was an important component of local biomass from the time of deposition of Layer 13 to Layer 

4. The isotopic differences among the species suggest that local habitats likely included mixed 

C3/C4 grasslands and woodlands at the onset of the Middle Pleistocene. 

Combined data from all deer species analyzed (C. nippon, C. elaphus, M. pachyosteus) 

show a highly significant decrease in "
13

C over time (Table 2.3, citing 1). More specifically, 

"
13

C of Cervus teeth decreases significantly (Table 2.3, citing 2) from an average of #6.6 ± 0.8‰ 

in Layer 13 to #12.5 ± 0.7‰ in Layer 3. This change indicates that the deer were eating less C4 

vegetation over time, shifting from a mixed C3/C4 diet in Layer 13 to a pure C3 diet by Layer 3.  

 E. sanmeniensis shows no significant change in "
13

C with time, maintaining a mixed 

C3/C4 diet throughout its sampled interval. D. choukoutienensis and S. lydekkeri are each 

analyzed within a single layer, preventing the analysis of trends over time. Both consumed C3 

plants. 

The species analyzed indicate the presence of both C3 and C4 plants in the area from the 

time of deposition of Layer 13 to Layer 4. Since the deposition of Layer 4 there is no clear signal 

of C4 plants in the area. Analysis of teeth from E. sanmeniensis in Layer 3 might indicate a 

continued presence of C4 plants. The very strong shift to C3 plants in the diet of the deer, 

however, suggests a changing ecosystem. The observed "
13

C values are therefore interpreted as 

an overall decrease in the abundance of C4 vegetation during the Middle Pleistocene.  
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Table 2.2. Carbon and oxygen isotopic composition of fossil tooth enamel from Zhoukoudian. 
 

Museum 
Number 

Species Layer/ Location "
13

C (‰) "
18

O (‰) 

IVPP TS 269 Cervus nippon Upper Cave -12.1 -8.4 

IVPP TS 270 Cervus nippon Upper Cave -10.6 -5.2 

IVPP TS 271 Cervus nippon Upper Cave -11.4 -6.1 

IVPP TS 272 Cervus nippon Upper Cave -11.0 -6.3 

IVPP TS 273 Cervus nippon Upper Cave -10.6 -4.9 

IVPP TS 274 Cervus nippon Upper Cave -9.7 -5.3 

IVPP TS 275 Cervus nippon Upper Cave -10.6 -5.8 

IVPP TS 276 Cervus nippon Upper Cave -11.0 -6.2 

IVPP TS 277 Cervus nippon Upper Cave -9.9 -6.5 

IVPP TS 278 Cervus nippon Upper Cave -10.8 -5.8 

IVPP TS 279 Cervus elaphus Locality 22 -9.7 -5.8 

IVPP TS 280 Cervus elaphus Locality 22 -9.6 -6.5 

IVPP TS 281 Cervus elaphus Locality 22 -10.2 -5.7 

IVPP TS 282 Cervus elaphus Locality 22 -10.3 -3.5 

IVPP TS 283 Cervus elaphus Locality 22 -10.3 -1.8 

IVPP TS 284 Cervus elaphus Locality 22 -10.9 -6.8 

IVPP TS 251 Sus lydekkeri Layer 3 -10.3 -4.8 

IVPP TS 254 Cervus nippon Layer 3 -12.8 -7.5 

IVPP TS 255 Cervus nippon Layer 3 -12.5 -6.3 

IVPP TS 256 Cervus nippon Layer 3 -12.3 -8.0 

IVPP TS 257 Cervus nippon Layer 3 -12.7 -7.8 

IVPP TS 258 Cervus nippon Layer 3 -12.2 -7.4 

IVPP TS 203 Equus sanmeniensis Layer 4 -6.7 -12.9 

IVPP TS 209 Equus sanmeniensis Layer 4 -8.2 -13.5 

IVPP TS 210 Equus sanmeniensis Layer 4 -1.6 -8.6 

IVPP TS 212 Equus sanmeniensis Layer 4 -3.3 -10.5 

IVPP TS 218 Equus sanmeniensis Layer 4 -8.3 -9.4 

IVPP TS 217 Equus sanmeniensis Layer 6 -4.2 -4.8 

IVPP TS 236 Megaloceros pachyosteus Layer 6 -12.6 -8.4 

IVPP TS 202 Equus sanmeniensis Layer 8-9 -5.7 -8.6 

IVPP TS 205 Equus sanmeniensis Layer 8-9 -2.2 -8.5 

IVPP TS 234 Megaloceros pachyosteus Layer 8-9 -13.4 -8.5 

IVPP TS 235 Megaloceros pachyosteus Layer 8-9 -12.7 -8.4 

IVPP TS 237 Megaloceros pachyosteus Layer 8-9 -11.2 -3.6 
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Table 2.2 continued.  

 
Museum 
Number 

Species Layer/ Location "
13

C (‰) "
18

O (‰) 

IVPP TS 238 Megaloceros pachyosteus Layer 8-9 -13.2 -4.5 

IVPP TS 239 Megaloceros pachyosteus Layer 8-9 -10.8 -7.0 

IVPP TS 240 Megaloceros pachyosteus Layer 8-9 -11.4 -8.5 

IVPP TS 241 Megaloceros pachyosteus Layer 8-9 -13.0 -2.8 

IVPP TS 206 Equus sanmeniensis Layer 10 -2.9 -6.6 

IVPP TS 207 Equus sanmeniensis Layer 10 -3.4 -7.0 

IVPP TS 211 Equus sanmeniensis Layer 10 -2.3 -6.4 

IVPP TS 242 Megaloceros pachyosteus Layer 10 -11.3 -3.0 

IVPP TS 243 Megaloceros pachyosteus Layer 10 -11.6 -6.4 

IVPP TS 244 Megaloceros pachyosteus Layer 10 -11.4 -3.2 

IVPP TS 245 Megaloceros pachyosteus Layer 10 -11.2 -3.5 

IVPP TS 246 Megaloceros pachyosteus Layer 10 -11.4 -1.0 

IVPP TS 247 Megaloceros pachyosteus Layer 10 -11.9 -2.2 

IVPP TS 248 Megaloceros pachyosteus Layer 10 -10.7 -7.1 

IVPP TS 249 Megaloceros pachyosteus Layer 10 -11.1 -7.0 

IVPP TS 201 Equus sanmeniensis Layer 11 9.5 -5.7 

IVPP TS 204 Equus sanmeniensis Layer 11 -6.2 -4.6 

IVPP TS 208 Equus sanmeniensis Layer 11 -4.5 -6.3 

IVPP TS 213 Equus sanmeniensis Layer 11 -7.0 -6.0 

IVPP TS 214 Equus sanmeniensis Layer 11 -3.5 -6.3 

IVPP TS 215 Equus sanmeniensis Layer 11 -3.0 -6.6 

IVPP TS 216 Equus sanmeniensis Layer 11 -11.2 -5.3 

IVPP TS 220 Dicerorhinus choukoutienensis Layer 11 -10.2 -6.9 

IVPP TS 221 Dicerorhinus choukoutienensis Layer 11 -11.4 -7.9 

IVPP TS 222 Dicerorhinus choukoutienensis Layer 11 -12.4 -6.6 

IVPP TS 223 Dicerorhinus choukoutienensis Layer 11 -12.8 -8.0 

IVPP TS 230 Megaloceros pachyosteus Layer 11 -11.0 -7.6 

IVPP TS 231 Megaloceros pachyosteus Layer 11 -12.3 -6.4 

IVPP TS 232 Megaloceros pachyosteus Layer 11 -6.3 -5.6 

IVPP TS 233 Megaloceros pachyosteus Layer 11 -13.0 -7.8 

IVPP TS 259 Cervus nippon Layer 13 -5.7 -3.7 

IVPP TS 260 Cervus nippon Layer 13 -7.9 -1.0 

IVPP TS 261 Cervus nippon Layer 13 -6.0 -3.9 

IVPP TS 262 Cervus nippon Layer 13 -7.2 -0.7 

IVPP TS 263 Cervus nippon Layer 13 -6.2 -3.9 

IVPP TS 264 Cervus nippon Layer 13 -6.6 -1.9 
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Figure 2.3. Variations of the means of the "
13

C and "
18

O values of fossil tooth enamel over time 

in relation to stratigraphic layers at Zhoukoudian. UC = Upper Cave, L22 = Locality 22, and all 

numbered Layers are from Locality 1. In this study, Cervus (Pseudaxis) grayi and Cervus 

hortulorum are classified as subspecies of the living sika, Cervus nippon. 
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Figure 2.4. Variations of the "
13

C and "
18

O values of fossil tooth enamel over time in relation to 

stratigraphic layers at Locality 1 of Zhoukoudian. In this study, Cervus (Pseudaxis) grayi and 

Cervus hortulorum are classified as subspecies of the living sika, Cervus nippon. Marine oxygen 

isotope stages are as correlated by Zhou, et al. (2000).  

 

 

 

It should be noted that the interpreted shift could possibly be due to behavioral changes in the 

deer sampled. 

 The "
13

C values of Cervus become slightly less negative above Layer 3 but are still 

within the range of a pure C3 diet. There may have been many more variations in plant 

abundances since the deposition of Layer 3, as there is much time not sampled. 
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Table 2.3. Statistics cited 

 
Citation Tests Performed Values 

 

1 Compared mean "
13

C of all deer in and below Layer 11 to mean of all deer       

    above Layer 11 
      Parametric: t-test (2-tailed) with equal variances not assumed  
      Non-parametric: Mann-Whitney 
 

 
 

p < .01 
p < .01 

2 Compared mean "
13

C of Cervus in Layer 13 to mean of Cervus in Layer 3 

      Parametric: t-test (2-tailed) with equal variances not assumed 
      Non-parametric: Mann-Whitney 

 
p < .001 

p < .01 

3 Compared mean "
18

O of Cervus in Layer 13 to mean of Cervus in Layer 3 

      Parametric: t-test (2-tailed) with equal variances not assumed 

      Non-parametric: Mann-Whitney 

 
p < .001 
p < .001 

 

4 Correlated E. Sanmeniensis  "
18

O values with time 

      Parametric: Pearson 
      Non-parametric: Spearman  
 

 
p < .001 
p < .001 

5 Compared mean "
18

O of Cervus in Layer 3 to mean of Cervus above Layer 3 

      Parametric: t-test (2-tailed) with equal variances not assumed 
      Non-parametric: Mann-Whitney  
 

 
p < .002 

p > .02 

6 Correlated "
13

C and "
18

O values over time for all deer 

      Parametric: Pearson 

      Non-parametric: Spearman  
 

 
p < .001 
p < .001 

 

 

 

 

"
18

O of fossil tooth enamel 

Within C. nippon there is a highly significant decrease in "
18

O from Layer 13 to Layer 3 

(Table 2.3, citing 3). E. sanmeniensis, represented in Layers 11,10, 8/9, 6, and 4, from 

approximately 680,000 to 500,000 yr ago, also displays a significant decreasing trend with time 

(Table 2.3, citing 4). The decrease in "
18

O from the time of deposition of Layer 13 to Layer 3 

indicates a shift to lower temperatures and/or more winter precipitation – conditions indicative of 

a strong winter monsoon. Although M. pachyosteus does not show this trend, its values are not 

representative of as wide a time range as E. sanmeniensis or C. nippon. "
18

O values of M. 

pachyosteus from Layer 3 would be helpful in determining if M. pachyosteus does indeed not 

display the pattern, or if we simply have not sampled over a great enough time. If the former is 

the case, it could be due to behavioral differences in M. pachyosteus, for example, migrating 

during the cold. Because M. pachyosteus was much larger than the other deer sampled, 
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behavioral differences would not be surprising. No interpretation of trends from D. 

choukoutienensis or S. lydekkeri is possible, as only one layer is sampled in this study.  

Following the strong decrease in "
18

O, there is a small, but significant (Table 2.3, citing 

5), increase in "
18

O of Cervus between the time of deposition of Layer 3 and Locality 22. There 

is no significant change from the time of deposition of Locality 22 to Upper Cave. It is difficult 

to interpret this shift, as there is much missing time between data points. 

 The significant correlation of "
13

C and "
18

O values for all deer sampled (Table 2.3, 

citing 6) suggests that the change in the diet of the deer was related to a changing climate at 

Zhoukoudian. The decrease in the "
18

O values over time suggests a strengthening of the winter 

monsoon and subsequent shortening of the growing season, which is consistent with a decrease 

in local C4 biomass as indicated by the decrease in "
13

C values from Layer 13 to Layer 3. A 

denser sample set and serial sampling of individual teeth from different layers for isotopic 

analysis could help provide a better understanding of the nature of the climate change. 

 Comparison with other records 

 Sedimentological studies suggest the cave deposits of Locality 1 correspond to a global 

climatic pattern (Teilhard de Chardin, 1941; Liu, 1985) and can be matched to marine oxygen 

isotope stages of the deep-sea sediments. Figure 2.2 shows two possible correlations with the 

astronomically tuned marine oxygen isotope stages, one proposed by Zhou et al. (2000) and the 

other by Xu et al. (1997). Our tooth enamel isotope data seem to support the correlation by Zhou 

et al. (2000), with Layer 4 deposited during an interglacial (MOI stage13) that is mild, short-

lived, and followed by a particularly strong glacial period. The "
18

O values of tooth enamel from 

the same species at Zhoukoudian become more negative by Layer 4, suggesting a strengthening 

winter monsoon which would be inconsistent with the comparatively warm interglacial (MOI 

stage 9) as suggested by by Xu et al. (1997). 

 Many paleoclimatic reconstructions have been attempted at this site, one of the most 

extensive being the study by Zhou et al. (2000). In order to make the correlation mentioned 

above, they create a synthetic climate index based on previously published sporopollen data 

(from Kong et al., 1985) and sediment data (from Xie et al., 1985) from Zhoukoudian. According 

to Zhou et al. (2000), the curve is closely related to biological and lithological stratigraphy (for a 

review of biological and lithological stratigraphy at Zhoukoudian, see Wu and Poirier (1995) and 
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Goldberg et al., (2001), respectively). The synthetic climate index created shows glacial and 

interglacial peaks, which correlate to those in the deep-sea cores and Baoji loess section.  

 Our data do not show the saw-toothed glacial/interglacial peaks present in the synthetic 

climate index of Zhou et al. (2000). Instead the oxygen values become more negative over time, 

indicating an intensification of the East Asian winter monsoon over several glacial/interglacial 

cycles. Based on magnetic susceptibility of the stacked Chinese loess, Heslop et al. (2002) also 

report a strengthening of the winter monsoon beginning after 680,000 yr ago. They interpret this 

shift as a component of the mid-Pleistocene transition (MPT), the time at which the global ice 

volume and the East Asian monsoon shifted from a 41,000 to a 100,000 yr periodicity. In their 

assessment, the winter monsoon reached its peak intensity around 520,000 yr ago and, following 

that, has displayed 100,000-year periodicity, strengthening during glacial periods, weakening in 

the interglacial periods. 

 Changes in the winter monsoon intensity with resulting changes in the temperature and 

precipitation would have affected the plant community. A decline in the relative abundance of C4 

plants on the Chinese Loess Plateau during glacial periods has been documented (Zhang et al., 

2003; Vidic and Montañez, 2004). Our data reported here also suggest a decrease in C4 plant 

abundance as the winter monsoon intensified. 

 Finally, it is notable that human occupation of Zhoukoudian represents the last known H. 

erectus fossils from mainland China. Evidence for the presence of this species at Locality 1 is 

found from Layer 10 through Layer 1, suggesting H. erectus weathered the climate deterioration 

during the mid-Pleistocene. However, the strengthening of the winter monsoon around 520,000 

yr ago appears in the loess to be gradual when compared to the subsequent intensification at 

410,000 yr ago. Is there a rapid drop in "
18

O values in tooth enamel from Layers 1 and 2? Could 

this have affected the H. erectus populations at Zhoukoudian? With analysis of more teeth we 

can create a stronger data set to better explore the dynamics of the East Asian winter monsoon 

during the Middle Pleistocene. 

Complicating factors for this analysis include the possibility of animal migration and the 

influence of weaning on the isotopic values of the teeth sampled. If animals were migrating for 

long distances, their tooth enamel may not be providing an accurate record of isotopic values 

representative of Zhoukoudian. Also, there is some evidence that teeth formed while the animal 

is nursing can have slightly different isotopic signals than teeth formed after weaning (Hoppe 



 18 

and Amundson, 2001). For this reason, the third molar is the preferred tooth to sample. Because 

of the destructive nature of sampling and the importance of the site, many of the teeth sampled 

were already broken. For some teeth, it was not clear if they were first, second, or third molars. 

Tooth wear analysis was used to ensure that the same individual was not sampled more than 

once.  

  

Conclusion 

 

Seventy samples of fossil herbivore teeth, found within the Pleistocene deposits at the 

Peking Man Site, were analyzed for carbon and oxygen isotopic composition. The "
13

C values 

range from –2.3‰ to -13.0‰, representing ~25% to 100% C3 plants in the diets of these animals. 

Such diets suggest a local habitat of mixed C3/C4 vegetation at the onset of the Middle 

Pleistocene. By approximately 470,000 yr ago, C3 plants dominated the diets of herbivores 

measured, suggesting that the abundance of C4 vegetation had decreased in the area. For all deer 

analyzed in this study, the values of "
13

C and "
18

O decrease substantially from about 720,000 to 

470,000 yr ago, suggesting a strengthening of the winter monsoon in the Middle Pleistocene and 

a subsequent shortening of the growing season for plants.  



 19 

CHAPTER 3 

 

ELEMENTAL FRACTIONATION DURING LA-ICP-MS ANALYSIS OF SILICATE 

GLASSES: IMPLICATIONS FOR MATRIX-INDEPENDENT STANDARDIZATION 

 

Introduction 

 

 The combination of laser ablation with inductively coupled plasma mass spectrometry 

(LA-ICP-MS) provides for the rapid chemical analysis of solid samples (e.g., Gray, 1985; 

Arrowmith, 1987) at a spatial resolution better than 100 µm (e.g., Norman et al., 1996; Campbell 

and Humayun, 1999; Humayun et al., 2007). Matrix-dependent inter-element fractionation may 

occur during LA-ICP-MS analysis due to non-stoichiometric sampling during the ablation 

process (e.g., Eggins et al., 1998; Ko!ler et al., 2005), or the incomplete vaporization of large 

particles (>125 nm) in the plasma (Guillong and Günther, 2002; Rodushkin et al., 2002; 

Aeschliman et al., 2003a; Kuhn and Günther, 2004). As standardization in LA-ICP-MS involves 

both internal and external calibration, matrix-matching of samples and standards has been 

recommended to correct for these fractionations (e.g., Ko!ler et al., 2005; Jochum et al., 2007). 

Concerns about the necessity for sample-standard matrix-matching, however, limit the possible 

quantitative applications of the method to specific matrices for which standards are currently 

available (e.g., silicates, metal), but do not permit the analysis of complex poly-phase materials. 

 The LA-ICP-MS technique is ideally suited for in situ analysis of siderophile and 

chalcophile elements in meteorites or recently returned cosmic dust samples from the NASA 

Stardust mission (Brownlee et al., 2006). Flynn et al. (2006) have analyzed elemental 

compositions of Stardust cometary particles by energy-dispersive synchrotron X-Ray 

fluorescence analysis (SXRF), but SXRF is not sufficiently sensitive for elements beyond Mo, 

and cannot analyze elements with atomic number lower than Si in a Si-rich matrix. While most 

meteorite minerals are Fe-rich, the Stardust grains are embedded in, and intimately fused with, 

aerogel, the silica-glass collector substrate (Zolensky et al., 2006). Analysis of trace elements in 

such a silica-dominated matrix has no simple matrix-match, and requires a more thorough 

knowledge of the nature of matrix-dependent inter-element fractionation. 
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   Figure 3.1. NIST SRM glasses 610, 612, 614, and 616. 
 
 
 
 For much of the history of laser ablation, the NIST SRM 61X series glasses (610, 612, 

614, and 616) were the sole available inter-laboratory standards. The SRM 61X series glasses are 

Na-, Ca-, Al-silicate matrix doped with a wide suite of elements at ~450, ~40, ~1, and ~.02 ppm, 

respectively. These glasses range in color from dark blue (SRM 610) to virtually clear (SRM 614 

and SRM 616) (Figure 3.1), and lack the significant levels of Fe and other transition metals 

abundant in geological samples. Though SRM 61X series glasses are widely used as LA-ICP-MS 

standards, they do not provide a suitable matrix match for natural samples. For example, 

Humayun et al. (2007) reported systematically lower Ca/Si and Al/Si ratios from SRM 612 

relative to the recently available MPI-DING glass standards prepared by homogenizing 

geological materials (Jochum et al., 2006). Other standard glasses with more geologically 

appropriate matrices now available include the USGS basalt glasses (BCR-2G, BHVO-2G; Wolf 

and Wilson, 2007), and the USGS GSX-1G series standards (Guillong et al., 2005; Jochum et al., 

2005). These glasses provide new options for LA-ICP-MS standardization, and allow for the 

evaluation of the matrix effects introduced by the use of the SRM 61X series.  

 In this study, we quantify the degree to which matrix affects elemental abundance 

measurements over a wide range of elements, and describe these effects in terms of elemental 

properties (mass, first ionization potential (FIP), and volatility). Because such fractionations are 

pertinent to the accuracy of trace element measurements in geological samples in general, we 

have performed a systematic study that examines the elemental fractionations in SRM 61X 
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glasses relative to one another, to geologic glass standards, and to solution nebulization (SN) 

ICP-MS standards. 

 

Experimental 

 

 All LA-ICP-MS measurements were performed with a New Wave UP 213 laser ablation 

system coupled to a Thermo Finnigan Element 1™ or Thermo Finnigan Element XR™ ICP-MS 

at the NHMFL Plasma Analytical Facility (Humayun et al., 2007). SN-ICP-MS measurements 

were performed with a Scott-type glass spray chamber equipped with an ESI™ PFA low-flow 

nebulizer, coupled to the Element XR™. Both mass spectrometers use a series of magnetic mass 

jumps combined with electrostatic scanning to cover the mass spectrum from masses 6-240 

(Feldmann et al., 1994; Gießmann and Greb, 1994). 

Measurement of mass bias curves 

 To compare mass bias curves obtained by LA-ICP-MS and SN-ICP-MS, we measured 

peaks over a wide mass range from 7Li to 238U at a mass resolution of 400 (R=400), as follows: 
7Li*, 9Be*, 11B*, 23Na*, 25Mg, 27Al*, 29Si, 31P, 43Ca*, 45Sc, 47Ti, 48Ti, 51V*, 53Cr, 55Mn, 57Fe, 59Co*, 
60Ni, 65Cu, 66Zn, 71Ga*, 73Ge, 75As, 82Se*, 83Kr, 85Rb, 88Sr, 89Y, 90Zr, 93Nb, 95Mo*, 97Mo, 102Ru, 
103Rh, 105Pd, 106Pd, 107Ag, 109Ag*, 111Cd, 115In, 118Sn, 120Sn, 121Sb, 123Sb, 125Te, 126Te*, 133Cs, 138Ba, 
139La, 140Ce, 141Pr, 143Nd, 145Nd*, 147Sm, 149Sm, 154Sm, 151Eu, 153Eu, 155Gd, 156Gd, 157Gd, 158Gd, 159Tb, 
160Gd, 164Dy, 165Ho, 166Er, 169Tm*, 174Yb, 175Lu, 180Hf, 181Ta, 182W, 185Re, 190Os, 192Os, 193Ir, 195Pt*, 
197Au, 205Tl, 208Pb, 209Bi, 232Th*, 238U. Asterisks denote magnet mass jumps. A Ni-Cu sampler cone 

and regular Ni skimmer cone were used in measurements of all mass bias curves. When possible, 

we measured multiple isotopes of an element to correct for molecular and atomic isobaric 

interferences. SN-ICP-MS measurements were made on two 500 ppt solutions (68A-AB, 68A-

AC) produced by dilution of multi-element solutions from High Purity Standards™. Each 

contained a 2% HNO3 solution doped with most elements (68A-A), blended with either a 

solution containing HF-complexed elements (68A-B: Si, Ti, Ge, Zr, Nb, Mo, Ag, Sn, Sb, Te, Hf, 

Ta, W) or with the platinum group elements (PGEs) in trace HCl (68A-C). Each solution was 

measured by ICP-MS in triplicate. For solution measurements, background intensities were 

measured on a procedural blank of 2% HNO3.  
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ESRx =
I f( )

i
I f( )

ri

Cx Crx

 NIST SRM 612 was measured in triplicate with the following laser conditions in line 

mode: 65 mm spot size, 60% laser energy output (~0.2 mJ), 10 Hz repetition rate, 10 µm/s travel 

speed. Measurements were made using the same cones, on the Element XR™, with the same 

method as described above for solutions. 48Ti and 69Ga peaks were discarded due to interferences 

from 48Ca and ArSi, respectively. Background intensities measured on air blanks during the 

measurement session were subtracted from sample intensities. 

 Additionally, BCR-2G and SRM glasses 616, 614, 612, and 610 were each measured 

using the same cones, method, and blank correction described above, but with the Element 1™.  

BCR-2G was measured in triplicate with the following laser conditions in line mode: 65 µm spot 

size, 75 % laser energy output (~0.4 mJ), 10 Hz repetition rate, 10 µm/s travel speed. Each SRM 

glass was measured once with the following laser conditions in line mode: 100 µm spot size, 

100% laser energy output (~1.1 mJ), 20 Hz repetition rate, 10 µm/s travel speed. To explore the 

effect of laser energy output, SRM 612 was then measured with a lower energy output (75%; 

~0.7 mJ) while all other parameters were held constant. To compare spot versus line modes, 

SRM 612 was measured using spot mode ablation, with spot size and laser energy as above (100 

µm spot size, 100% laser energy output) and a repetition rate of 10 Hz, so as not to penetrate 

deeply into the sample during the 2 minutes of sampling time.  

 Atomic isobaric interferences of 48Ca, 82Kr, and 164Er were stripped from 48Ti, 82Se, and 
164Dy. Oxide corrections to middle rare earth elements (REEs) were performed by solving 

simultaneous linear equations using the multiple isotopes measured for these elements. Since 

oxide formation can measurably reduce the peak intensities of Ba, La, Ce, Pr, Th and U, the 

measured intensities for these elemental peaks were corrected for losses due to oxide formation, 

as follows. Measured intensities of ThO and UO were added to measured Th and U intensities. 

Intensities of 135, 137, 138BaO, 139LaO, 140CeO, and 141PrO were obtained from the 151Eu, 153Eu, 154Sm, 
155Gd, 156Gd, and 157Gd isotopes and included with the Ba, La, Ce, and Pr peaks. Nearly all 

isobaric corrections for isotopes included in elemental ESRs were " 6% for solutions and " 6% 

for LA-ICP-MS analyses of silicate glasses (most were < 2%). The only exceptions included Th 

in solution (16%) and 153Eu in BCR-2G (11% from 137Ba16O). All isotope intensities were 

converted to elemental sensitivity ratios (ESRs): 

 

    Equation 3.1 
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(where I is the peak intensity, f is the isotopic abundance, C is the concentration of the element, i 

is the isotope measured of element x, and ri is the isotope measured of the internal normalizing 

element rx). We averaged ESRs of multiple isotopes measured on the same element (Tables 3.1 

and 3.2). Abundances for most elements in SRM 610 and 612 were taken from Pearce et al. 

(1997); trace elements are from their “preferred values”. Concentrations of elements certified by 

NIST are used when available (Mn (in 610), Fe, Ni, Rb, Sr, Ag, Pb, Th, and U). Re, Au, and Pt 

concentrations are taken from Sylvester and Eggins (1997). Abundances for most elements in 

BCR-2G were taken from Jochum and Nohl (2008). All others were retrieved from GeoReM 

(Jochum and Nehring, 2008a), as were all elemental abundances for SRMs 614 and 616 (Jochum 

and Nehring, 2008c-d).  

 ESRs measured from SRM 610 (Table 3.2) were used to calibrate element concentrations 

in SRMs 612, 614, and 616 from analyses performed on the Element 1™. Detection limits were 

calculated from 3 standard deviations of the background intensities.  

Measurement of matrix effects in silicate glasses  

 We measured elemental abundances in geologic glasses comprising a wide range of Fe 

concentrations as follows: NIST SRM 612, MPI-DING glasses (ATHO-G (rhyolite), StHs6/80-G 

(andesite), T1-G (quartz diorite), KL2-G (basalt), ML3B-G (basalt), and GOR128-G 

(komatiite)), and USGS basalt glasses BHVO-2G and BCR-2G. All measurements were 

performed on the Element 1™. These measurements were made in preparation for analysis of the 

NASA Stardust material, so Ni-X skimmer cones were used to decrease mass bias, enhancing 

measured intensities of low mass peaks. Since isobaric interferences measured by LA-ICP-MS 

on each SRM and geologic glasses above were typically < 2% we did not correct for them in 

further analyses.   

 We analyzed low mass isotope peaks (23Na, 24Mg, 27Al, 29Si, 31P, 44Ca, 45Sc, 47Ti, 51V, 52Cr, 
55Mn, 56Fe, 59Co, 60Ni, 63Cu, 66Zn, 69Ga) in medium resolution (R=4000) to avoid molecular 

isobaric interferences, and high mass isotope peaks (88Sr, 89Y, 90Zr, 93Nb, 120Sn, 138Ba, 139La, 140Ce, 
141Pr, 144Nd, 147Sm, 153Eu, 164Dy, 166Er, 174Yb, 180Hf, 181Ta, 208Pb, 232Th, 238U, plus 29Si) in low 

resolution (R=400). As operating conditions vary for each standard, they are reported in Table 

3.3 for all R=4000 measurements. All R=400 measurements were performed in two sessions 

(corresponding to Sessions 1 and 2 in Table 3.3) Conditions for all Session 1 R=400  
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Table 3.1. ESRs for solution nebulization (SN) and laser ablation of SRM 612 and BCR-2G 
measured using regular cones. 
 

 SN  SRM 612 BCR-2G  SN  SRM 612 BCR-2G 

Li 0.32 0.54 0.67 In 4.60 3.50 4.94 

Be 0.12 0.13  Sn 4.02 4.93 4.24 

B 0.21 0.26 0.14 Sb 1.45 2.05 2.34 

Na  2.50 1.45 Te 0.92   

Mg 1.00 1.00 1.00 Cs 4.99 6.28 7.37 

Al 1.47 0.64 1.28 Ba 5.46 5.53 7.33 

Si  0.67 0.51 La 4.87 3.66 6.66 

P  0.25 0.07 Ce 4.98 4.94 7.00 

Ca  2.11 3.30 Pr 5.59 4.52 7.25 

Sc 1.95 1.48 2.61 Nd 5.95 3.94 6.56 

Ti 1.68  2.11 Sm 6.58 3.78 6.05 

V 1.95 2.72 2.99 Eu 6.63 5.07 9.11 

Cr 1.94 1.72 2.28 Gd 6.31 4.12 8.30 

Mn 2.28 1.89 2.30 Tb 6.77 4.27 8.56 

Fe  2.34 1.84 Dy 6.35 3.71 7.34 

Co 2.47 2.25 2.49 Ho 6.19 3.65 7.22 

Ni 2.03 1.81 1.83 Er 6.14 3.72 6.91 

Cu 1.60 1.68 1.19 Tm 7.39 3.75 6.84 

Zn 0.83 1.75 0.87 Yb 7.69 4.35 10.19 

Ga 2.94 2.83 3.05 Lu 7.37 4.23 9.89 

Ge 1.62 2.98 3.13 Hf 5.39 4.40 9.68 

As 0.23 0.63  Ta 4.16 3.20 7.66 

Se 0.79 0.34  W 5.03 4.19 7.04 

Rb 3.62 4.60 4.66 Re 5.60 6.05 7.91 

Sr 3.93 3.47 4.54 Os 5.85   

Y 3.58 2.33 3.84 Ir 5.09   

Zr 2.57 2.37 3.65 Pt 4.26 2.91 1.70 

Nb 2.51 2.42 2.91 Au 1.07 1.76  

Mo 3.07 3.25 4.60 Tl 6.95 5.79 6.53 

Ru 4.26   Pb 6.49 6.62 7.74 

Rh 4.03   Bi 5.48 5.82 6.79 

Ag 3.34 2.92 4.03 Th 7.30 4.39 11.22 

Cd 2.76 2.45 4.46 U 7.98 7.50 11.53 
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Table 3.2. ESRs for SRM 61X glasses measured on the Element 1 in a single analytical session 
using regular cones. 
 

 
SRM 
616 

SRM 
614 

SRM 
612 

SRM 
610  

SRM 
616 

SRM 
614 

SRM 
612 

SRM 
610 

Li 0.90 0.95 0.87 0.80 In 4.72 4.29 4.29 4.63 

Be   0.02 0.02 Sn 6.51 5.97 5.60 5.80 

B 1.12 0.71 0.36 0.29 Sb 3.74 3.33 2.91 3.51 

Mg 1.17 1.12 1.07 1.45 Cs 6.61 6.95 6.46 6.21 

Al 0.99 0.92 0.97 1.03 Ba 5.28 5.00 5.80 6.41 

Si 1.00 1.00 1.00 1.00 La 3.74 3.39 3.97 4.21 

P    0.38 Ce 5.22 5.06 5.48 5.92 

Ca 2.77 2.59 2.78 3.09 Pr 5.16 4.77 5.35 6.03 

Sc   2.17 2.36 Nd 4.64 4.27 4.83 5.39 

Ti   3.88 3.28 Sm 4.32 4.24 4.83 5.39 

V 3.86 3.68 3.52 3.55 Eu 5.38 4.96 5.54 5.65 

Cr  2.33 2.77 2.95 Gd 4.02 3.98 4.58 5.40 

Mn   2.69 2.57 Tb 4.06 3.84 4.47 4.84 

Fe  2.39 2.42 2.79 Dy 3.63 3.81 4.31 5.05 

Co  2.26 2.86 2.86 Ho 3.46 3.67 4.21 4.79 

Ni   2.15 2.34 Er 3.83 3.66 4.23 5.05 

Cu 6.33 3.00 2.45 2.28 Tm 3.99 3.77 4.35 5.27 

Zn 3.61 1.83 1.77 1.64 Yb 3.77 3.92 4.41 4.98 

Ga 2.67 3.14 3.74 3.56 Lu 3.97 3.73 4.24 4.90 

Ge 3.19 3.79 3.54 3.12 Hf 4.39 3.89 4.65 5.08 

As 0.87 0.98 0.78 0.94 Ta 3.47 3.22 3.53 4.92 

Se   0.59 1.79 W 7.80 4.84 4.86 4.94 

Rb 10.24 5.54 4.95 4.70 Re 8.96 7.30 6.80 6.47 

Sr 3.69 3.45 4.00 4.18 Pt 3.80 8.02 3.73 3.64 

Y 2.43 2.17 2.69 3.14 Au 2.45 1.95 2.20 2.37 

Zr 2.46 2.30 2.76 2.99 Tl 16.71 7.07 6.61 6.28 

Nb 2.92 2.79 3.15 3.76 Pb 8.15 7.88 7.02 6.57 

Mo 5.30 4.57 3.97 4.49 Bi 7.28 7.67 7.28 6.37 

Ag 4.81 4.41 3.94 3.76 Th 4.77 4.18 4.84 5.33 

Cd  3.29 3.12 3.09 U 8.67 9.23 8.99 8.82 

 
Note: Elements in italics have FIP > 9 eV.



 26 

Table 3.3. Laser operating conditions and Si-normalized ESRs for Ca and Al for measurements 
on SRM 612, MPI-DING, and USGS glasses. 
 

  UP-213 operating conditions  
Elemental Sensitivity Ratio 

       1  2  3 

Session Sample 
Ablate 
mode 

Spot 
size 
(µm) 

Laser 
energy 
output 

(%) 

Laser 
energy 

(mJ)  Al Ca  Al Ca  Al  Ca 

1 SRM 612 line 65 50 0.2  1.37 2.81  1.34 2.79    

2 SRM 612 line 100 50 0.4  1.46 2.99  1.43 2.94  1.37 2.89 

2 SRM 612 spot 100 70 1.2  1.70 3.28  1.62 3.24  1.61 3.35 

3 SRM 612 line 65 60 0.3  1.47 2.95  1.45 2.94    

4 SRM 612 line 80 75 0.6  0.81 2.03  0.83 1.96  0.83 1.97 

1 ATHO-G line 65 70 0.8  1.96 3.31  1.78 3.02    

1 StHs6/80-G line 65 70 0.8  2.02 3.40  1.67 3.13    

1 T1-G line 65 70 0.8  1.86 3.37  1.81 3.28    

1 ML3B-G line 65 70 0.8  1.91 3.16  1.82 3.23    

1 GOR 128-G line 65 70 0.8  1.64 2.97  1.58 2.81    

2 ATHO-G spot 100 70 1.2  1.75 2.94  1.66 2.85    

2 StHs6/80-G spot 100 70 1.2  1.76 3.26  1.65 3.11    

2 T1-G spot 100 70 1.2  1.79 3.28  1.79 3.31    

2 BCR-2G spot 100 60 0.7  1.77 3.25  1.75 3.23    

2 ML3B-G spot 100 70 1.2  1.75 3.21       

2 BHVO-2G spot 100 60 0.7  1.76 3.24  1.71 3.16  1.71 3.21 

2 GOR 128-G spot 100 70 1.2  1.58 2.94  1.56 2.82    

3 ML3B-G line 80 60 0.4  2.07 3.73  1.93 3.56    

4 T1-G line 65 75 0.4  1.11 2.17  1.05 2.09    

4 ML3B-G line 65 75 0.4  1.18 2.43  1.12 2.41    

4 KL2-G line 65 75 0.4  1.00 2.23       

4 BHVO-2G line 80 75 0.6  1.11 2.27  1.07 2.21  1.26 2.49 

4 GOR 128-G line 65 75 0.4  1.08 2.23  1.07 2.14    

 
Note: All measurements were performed with an Element 1 at R=4000. For all measurements a  
Ni-Cu sampler cone and Ni-X skimmer cone were used. Laser repetition rate was 10 Hz for all 
samples. Travel speed for all lines was 10 µm/s. Spots in Session 2 were ablated for 1 minute. 
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measurements were as follows: line ablation, 30-40 µm spot size, 50% laser energy output, 10 

Hz repetition rate, 10 µm/s travel speed, laser energy ~ 0.1 mJ. Session 2 conditions were: spot 

ablation (2 minutes of ablation), 55-80 µm spot size, 50% laser energy output, 10 Hz repetition 

rate, laser energy ~ 0.1-0.2 mJ. Background intensities, measured on air blanks during the 

measurement session, were subtracted from sample isotope intensities, which were converted to 

Si-normalized ESRs (Table 3.4), as above. Jochum et al. (2006) report MPI-DING 

concentrations. Abundances for most elements in BHVO-2G are certified by the USGS; all 

others were retrieved from GeoReM (Jochum and Nehring, 2008b). ESRs from ML3B-G were 

used to calibrate concentrations for the other standards listed in Table 3.4.  

 

 

Results 

 

Mass bias curves, first ionization potentials, and volatility  

 For the two multi-element solutions measured (68A-AB, 68A-AC), the peaks for 

elements in common between the solutions reproduced within 2% on average (with the exception 

of Li and Al peaks at ~28% offset, due to high background), so ESRs calculated from triplicate 

measurements for each solution are given in Table 3.1 as a single average, and shown as a single 

mass bias curve (Figure 3.2a). Solution ESRs of multiple isotopes of each poly-isotopic element 

were averaged, as they reproduced to within 4% for most elements, with the following 

exceptions. Silver, Te, and Nd isotopes were each separated by a magnet mass jump that 

produced an offset of about 15%, but are still presented as a single average. Sodium, Si, P, Ca, 

and Fe peaks were compromised by high backgrounds and are not included in the solution data 

in Table 3.1. For LA-ICP-MS measurements of BCR-2G (Figure 3.2b) and SRM 612 (Figure 

3.2c), isotope reproducibility is comparable to the solution results described above. The average 

relative standard deviation (RSD, 1!) for triplicate ESRs within a standard is 3.5%. Titanium is 

not included in the SRM 612 data presented as both isotopes measured were compromised by 

interferences. Other elements not included in Table 3.1 for SRM 612 or BCR-2G lacked reliable 

concentration information. 

 In Figure 3.2, elements are coded according to their FIP. It should be noted that elements 

with the highest FIPs (circles; > 8 eV) have much lower ESRs than elements of similar mass  
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Table 3.4. Average ESRs for SRM 612, MPI-DING, and USGS glasses measured with X-cones. 
Averages and RSDs (1!) include geologic glasses only. 
 

 
Note: The following ESRs are excluded from the average and RSD: (a) ESRs measured on 
concentrations with only information values and (b) on concentrations >0.1 ppm. ESRs for 
elements Co and Ni in ATHO-G are not included because their measured concentrations are 
more than 35% lower than their reported concentrations. Low mass elements (Na to Ga) are 
measured at R=4000. Higher mass elements measured at R=400. Si measured in both. 

 ATHO-
G 

StHs6/80-
G 

T1- 
G 

BCR-
2G 

ML3B-
G 

BHVO-
2G 

GOR128-
G 

Ave RSD SRM 
612 

Na 4.2 3.8 3.6 3.4 3.4 3.7 3.6 3.7 7% 3.9 

Mg 1.6 1.8 2.0 1.8 1.9 1.9 1.9 1.8 6% 1.5 

Al 1.8 1.8 1.8 1.8 1.8 1.7 1.6 1.8 5% 1.5 

Si 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0  1.0 

P 0.5 0.5 0.5 0.4 0.4 0.4 0.5 0.5 8% 0.6 

Ca 3.0 3.2 3.3 3.2 3.2 3.2 2.9 3.2 5% 3.0 

Sc 1.4 1.5 1.5 1.8 1.6 1.6 1.6 1.6 7% 1.6 

Ti 2.7 2.7 2.7 2.5 2.5 2.4 2.2 2.5 8% 2.0 

V 2.8 3.2 3.1 3.6 3.3 3.7 3.2 3.3 10% 3.7 

Cr 2.5 2.6 3.1 3.3 3.0 3.8 3.4 3.1 15% 3.8 

Mn 3.2 3.2 3.6 3.1 3.2 3.4
a
 3.4 3.3 5% 3.2 

Fe 3.0 2.9 3.0 2.8 2.8 3.1 2.9 2.9 4% 3.2 

Co  2.8 2.8 2.9 2.7 3.1
a
 2.7 2.8 3% 3.0 

Ni  2.2 2.4  2.4 3.1 2.4 2.5 13% 2.9 

Cu 2.8 2.6 2.8 2.3 2.8  2.8 2.7 8% 3.4 

Zn 2.4 2.3 2.5 2.8 2.4 2.5 2.2 2.4 8% 3.3 

Ga 3.9 4.4 4.4 4.6 4.3 4.7 4.8 4.4 7% 5.0 

Sr 3.4 3.4 3.5 3.4 3.7 3.5 3.5 3.5 3% 3.5 

Y 2.0 1.8 1.8 1.9 1.9 1.9 1.9 1.9 4% 1.9 

Zr 1.7 1.6 1.4 1.8 1.7 1.8
a
 1.7 1.6 8% 1.7 

Nb 2.1 1.9 1.9 2.0 2.0 1.7 2.8
b
 1.9 6% 1.9 

Sn 7.2 8.1 6.8 5.5 6.9  9.8
a
 6.9 14% 6.5 

Ba 3.5 3.8 3.7 3.7 3.9 4.0 3.8 3.8 4% 3.6 

La 2.0 2.0 1.9 2.0 2.1 2.0 1.9 2.0 3% 1.8 

Ce 2.8 2.9 2.9 2.6 2.9 2.6 2.9 2.8 5% 2.7 

Pr 2.9 2.8 2.9 3.0 3.1  3.0 3.0 3% 2.8 

Nd 2.7 2.7 2.5 2.9 2.9 2.8 3.0 2.8 6% 2.9 

Sm 2.6 2.6 2.4 2.8 2.7 2.7 2.7 2.7 5% 2.6 

Eu 3.2 3.3 3.0 3.6 3.3 3.3 3.3 3.3 5% 3.0 

Dy 2.6 2.4 2.1 2.8 2.5 2.7 2.5 2.5 9% 2.5 

Er 2.4 2.2 1.9 2.5 2.3 2.5 2.2 2.3 9% 2.3 

Yb 2.7 2.5 2.3 3.0 2.7 2.8 2.5 2.6 8% 2.6 

Hf 2.0 1.8 1.5 2.1 1.9  2.2 1.9 13% 2.0 

Ta 1.5 1.4 1.2 1.6 1.4  1.4
b
 1.4 10% 1.3 

Pb 5.1 4.8 4.7 4.6 4.1 4.9
a
 3.2 4.4 7% 5.1 

Th 1.9 1.8 1.6 2.1 1.9 2.1 2.1
b
 1.9 10% 1.5 

U 4.1 4.0 3.8 3.9 3.6 3.7 3.7
b
 3.9 5% 4.2 
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Figure 3.2. Mg-normalized ESRs for multi-element solution (a) produce a mass bias curve 
defined by elements with FIP < 7 eV. Higher FIP elements fall below the curve. Elements in 
BCR-2G (b) measured by LA-ICP-MS produce similar ESRs and mass bias curve, but LA-ICP-
MS measurements of SRM 612 (c) show more element scatter. The dashed field, outlining the 
overall distribution of < 7 eV elements measured by SN-ICP-MS (a), was superposed on (b, c) 
for comparison.  Data in Table 3.1. All analyses were performed in triplicate. Error bars (1!) are 
not included as they are smaller than symbols, averaging 3.5%. 
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with lower FIPs. The solution mass bias curve (solid line in Figure 3.2a) is then defined by the 

linear regression for elements with FIPs below 7 eV (diamonds). The overall distribution of these 

elements is outlined by the dashed field, which was then superposed on Figures 3.2b-c, to show 

the analogous results for LA-ICP-MS analysis of BCR-2G and SRM 612, respectively. Although 

BCR-2G was analyzed on an Element 1 and the solution and SRM 612 measurements were 

performed on an Element XR, the slopes of the solution mass bias curve and the BCR-2G curve 

are similar. For elements with FIP < 7 eV, it can be seen that these elements define comparable 

linear regression lines (solid lines in Figures 3.2a-b), and the two data sets plot largely within the 

same dashed field. In contrast, many of the ESRs for SRM 612 fall below the dashed field, and a 

linear regression does not represent the trend of the elements with FIP < 7 eV. As both the 

solution measurements and the LA-ICP-MS measurements of SRM 612 were made on the 

Element XR with the same cone configuration (cones had not been removed between 

measurements), this result is not due to changes in instrumental configuration.  

 For each element in Figure 3.3, the deviation between the measured ESR and the ESR 

calculated from the mass bias curve is plotted against the FIP. For SRM 612, the mass bias curve 

used to calculate ESRs was obtained from the solution data. In Figure 3.3, elements are coded 

according to temperature of condensation (Tc) with solid symbols representing refractory 

elements (elements with high condensation temperatures), and open symbols representing 

elements with low condensation temperatures (see “Volatility” in Discussion for further details).  

 For SN-ICP-MS data (Figure 3.3a) the deviation clearly depends on FIP, with the 

exception of Li, an obvious outlier. The dashed field defines the crude trend of FIP-dependent 

deviation for the solution ESRs. This dashed field is then superposed on the LA-ICP-MS results 

from BCR-2G (Figure 3.3b) and SRM 612 (Figure 3.3c). The BCR-2G results overlap the FIP 

trend defined by the solution results, as do the non-refractory elements in SRM 612 (open 

symbols), with exception of Na. Many refractory elements in SRM 612, however, plot below this 

dashed field. Thus, for SRM 612 there is an additional dependence on volatility in which many 

refractory elements have ESRs lower than predicted by their FIP and mass bias alone. As will be 

seen below, the refractory depletion observed in SRM 612 is also characteristic of other low-Fe 

glasses of this series, the causes of which are explored in the Discussion. 

 ESRs for SRM 610 (~457 ppm Fe), SRM 612 (~51 ppm Fe), SRM 614 (~19 ppm Fe), 

and SRM 616 (~18 ppm Fe) are reported in Table 3.2. Isotope reproducibility was 5% or better  
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Figure 3.3. The deviations of elements from mass bias curves (Figure 3.2) versus FIP, with 
elements coded according to Tc. For SN-ICP-MS (a) there is clear dependence on FIP, around 
which a dashed outline was drawn. The outline does not quite capture the lowest mass element, 
Li, which is the only obvious outlier. When this outline is superposed on LA-ICP-MS data (b,c) 
the same dependence on FIP is observable, with an additional dependence for SRM 612 (c) on 
volatility in which many elements with high Tc have intensities lower than predicted by their FIP 
dependence. For SRM 612 the deviation of Na (2.18) falls above the scale of the plot. 
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in SRM 610, SRM 612 and SRM 614, but was poorer in SRM 616, as the lower concentrations 

resulted in higher error. Beryllium, P, Sc, Ti, Cr, Mn, Fe, Co, and Ni, are not included in Table 

3.2 in cases when the blanks were more than half of the measured sample intensities. It should be 

noted that due to the low, and sometimes poorly known, concentrations in SRM 616, ESRs for 

several elements are likely inaccurate and are provided for comparison only.    

Matrix effects in silicate glasses 

 For the purpose of determining the matrix dependence of the ESRs, a series of 

measurements was performed on a wide range of silicate matrices, from geologic glasses to SRM 

612. In the course of routine measurements of major and trace elements in our laboratory, ESRs 

on Al and Ca in SRM 612, MPI-DING, and USGS glasses were obtained. To explore the generic 

and reproducible nature of the matrix effects seen in Figures 3.2c and 3.3c, this broader data set 

is summarized in Table 3.3. Because Al, Si, and Ca are major elements in all the silicate glasses, 

their ESRs are the most precisely measured. Further, both Al and Ca are refractory elements of 

FIP < 7 eV with similar masses. Since Si has, relative to Al and Ca, an intermediate mass, high 

FIP, and low Tc, any depletion of Al and Ca measured intensities (i.e. lower ESRs) should be due 

to the Tc of Al and Ca. This makes Al and Ca ideal elements for pinpointing a matrix-dependent 

“volatility effect” in LA-ICP-MS.  

 In Figure 3.4, these Al ESRs are plotted against Ca ESRs, with each symbol shape 

corresponding to a different measurement session, all performed with X-cones. Open symbols 

represent ESRs measured from geologic glasses; closed symbols are SRM 612 measurements. 

Generally, within a given measurement session, MPI-DING glasses and USGS glasses produce 

similar ESRs, while SRM 612 ESRs are lower. The relative error (1!) on a linear regression 

through all points is 4%. Thus, correlated matrix effects as seen in Figure 3.4 demonstrate the 

matrix dependence of LA-ICP-MS ESRs for refractory elements, particularly in the case of SRM 

612 in comparison to other geologic glasses. It should be noted, however, that the three highest 

SRM 612 ESRs, which are comparable to the ESRs of geologic glasses, were measured at higher 

laser energies than were the other SRM 612 ESRs. The effect of laser energy on ESRs is 

explored further in the Discussion. 

 Table 3.4 contains ESRs measured for the comparison of silicate glasses, using X-cones. 

Each ESR is the average of multiple analyses (2-6). Some standards (SRM 612, ATHO-G, 

StHs6/80-G, ML3B-G and GOR128-G) were measured during at least two sessions; others     
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Figure 3.4. Si-normalized ESRs for SRM 612 (solid) and for a variety of other standards (MPI-
DING series, BHVO-2G, BCR-2G; open). Shapes (diamond, circle, square, and triangle) 
correspond to measurements sessions, so that SRM 612 measurements may be compared to those 
of other standards measured on the same day. For example, the inset includes ESRs from SRM 
612 and other geologic glasses measured during analytical session 4. Laser settings, which vary 
between measurements, and data are reported in Table 3.3.  
 
 
 
(T1-G, BCR-2G, and BHVO-2G) were measured during one session only. Across standards, the 

RSD (1!) of the ESRs for a given element averages 7%. This does not include less reliable 

ESRs: those measured on elements whose reported concentrations are only information values, 

on elements with reported concentrations > 0.1 ppm, and for elements whose measured 

concentrations are more than 35% lower than their reported concentrations (Ni and Co in ATHO-

G). Elements with across-element ESR RSDs > 10% include Cr, Ni, Sn, and Hf.  
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Table 3.5. Variation in ESRs for ML3B-G measured during different analytical sessions with 
concentrations provided for comparison. 
 

 ESR ESR*  ESR RSD 
Conc. 
(ppm) 

Na 3.35 3.54 3.30 4% 17800 

Mg 1.95 1.80 2.09 8% 39700 

Al 1.86 1.75 1.99 6% 72000 

Si 1.00 1.00 1.00  240000 

P 0.45 0.45 0.46 1% 1000 

Ca 3.20 3.21 3.64 8% 75000 

Sc 1.57 1.65 2.20 19% 32 

Ti 2.53 2.44 2.72 6% 12800 

V 3.12 3.72 3.92 12% 268 

Cr 2.85 3.39 4.15 19% 177 

Mn 3.27 3.19 3.66 8% 1300 

Fe 2.79 2.93 3.21 7% 84800 

Co 2.65 2.87 3.95 22% 41 

Ni 2.37 2.51 3.34 19% 107 

Cu 2.77 3.01 3.50 12% 112 

Zn 2.39 2.35 2.68 7% 108 

Ga 4.08 4.82 5.34 13% 20 

 
Note: ESRs used to calibrate SRM 612 concentrations measured during three sessions at 
R=4000. ESRs with asterisks (*) were used to calibrate both high and low energy SRM 612 
measurements that were run during the same session. RSDs are 1!. 
 
 
 
 Table 3.5 contains ESRs measured on ML3B-G during three different analytical sessions. 

ESR reproducibility improves with element concentration, such that ESRs from the most 

abundant elements ( > 1000 ppm) are consistent to within 8%. 

 Measured concentrations of geologic glasses were calibrated against ML3B-G ESRs and 

are reported in Table 3.6. With the exception of GOR128-G, for which much lower trace element 

concentrations introduce greater error (RSD average 9%), the average RSD (1!) for measured 

elemental abundances in geologic glasses is 4%.  
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Table 3.6. Measured concentrations (ppm) for MPI-DING and USGS glasses.  
 

 ATHO-G StHs6/80-G T1-G BCR-2G BHVO-2G GOR128-G 

 Ave Stdev Ave Stdev Ave Stdev Ave Stdev Ave Stdev Ave Stdev 

Na 34000 2000 36000 3000 25000 200 23000 300 16700 700 4300 200 

Mg 550 20 11300 400 23000 400 21700 200 46000 1000 159000 2000 

Al 64000 3000 93000 8000 89000 2000 71300 500 71000 1000 46000 1000 

Si 353000  298000  274000  254000  233000  216000  

P 123 7 720 20 866 8 1530 20 1190 10 112 4 

Ca 11500 800 38000 2000 53000 1000 51000 300 82000 2000 40000 1000 

Sc 6.2 0.4 10.5 0.6 26.1 0.6 35.26 0.02 32.9 0.8 32 1 

Ti 1660 70 4600 200 4810 90 13900 100 16200 300 1500 70 

V 3.2 0.1 84 4 191.8 0.2 414 2 316 7 176 2 

Cr 4.9 0.2 13.9 0.9 22.9 0.1 16.72 0.02 320 10 2500 200 

Mn 810 20 580 20 1080 20 1523.6 0.4 1390 50 1450 20 

Fe 26800 600 35000 2000 53000 700 94000 2000 89000 4000 79000 2000 

Co 1.36 0.04 13.4 0.3 19.8 0.4 38 1 48 2 90 2 

Ni 5.3 0.1 21.0 0.4 10.8 0.4 12.8 0.6 134 5 1070 20 

Cu 17.9 0.5 37 1 19.2 0.5 15.8 0.7 125 5 61 2 

Zn 150 10 66 5 78 4 149 5 108 5 68 2 

Ga 22.2 0.4 20.6 0.8 21.0 0.1 22.0 0.3 20.9 0.6 9.3 0.3 

Sr 86 2 450 10 300 20 301.0 0.6 356.5 0.4 29 3 

Y 96 6 10.4 0.2 25 3 33.3 0.9 23.97 0.04 12 1 

Zr 510 20 111 6 140 20 174 3 156 2 10 2 

Nb 66 2 6.72 0.03 9.6 0.5 11.85 0.07 16.4 0.1 0.14 0.02 

Sn 5.6 0.2 1.29 0.04 2.23 0.03 1.77 0.02 1.409 0.008 0.33 0.06 

Ba 490 20 288.6 14.0 410 10 584 6 116 4 1.0 0.1 

La 52 2 11.3 0.3 73 4 21.8 0.1 13.0 0.3 0.11 0.01 

Ce 117 6 25.3 0.9 135 8 42.828 0.007 30 1 0.45 0.04 

Pr 14.0 0.6 2.9 0.1 13.2 0.7 5.95 0.04 4.5 0.1 0.10 0.01 

Nd 58 2 12.2 0.8 43 3 25.6 0.3 21.1 0.7 0.8 0.1 

Sm 14.1 0.5 2.7 0.1 7.1 0.6 6.2 0.1 5.6 0.3 0.53 0.07 

Eu 2.63 0.09 0.93 0.05 1.3 0.1 1.86 0.03 1.82 0.04 0.26 0.04 

Dy 17.1 0.6 2.12 0.09 4.8 0.6 6.2 0.2 4.96 0.05 1.9 0.2 

Er 10.6 0.3 1.13 0.05 2.7 0.4 3.6 0.1 2.41 0.01 1.3 0.2 

Yb 10.8 0.3 1.08 0.07 2.6 0.3 3.36 0.08 1.91 0.08 1.3 0.1 

Hf 14.4 0.3 2.9 0.1 3.8 0.5 4.6 0.1 4.0 0.1 0.41 0.04 

Ta 4.2 0.1 0.44 0.02 0.50 0.03 0.77 0.02 1.071 0.003 0.020 0.003 

Pb 7.0 0.3 12.0 0.3 15.4 0.5 10.38 0.07 1.50 0.04 0.3 0.1 

Th 7.6 0.2 2.2 0.1 34 3 5.4 0.2 1.10 0.01 0.009 0.002 

U 2.7 0.1 1.11 0.04 2.14 0.06 1.46 0.01 0.345 0.007 0.013 0.002 

 

Note: For ATHO-G, StHs6/80-G, and GOR128-G, the averages and standard deviations (1!) are 
from 4 measurements over two sessions. T1-G, BCR-2G, and BHVO-2G values are from two 
measurements during one analytical session.
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Discussion 

 

Elemental fractionation in LA-ICP-MS Analysis 

 In SN-ICP-MS, intensities are converted to concentrations with empirically determined 

constants, which vary from element to element according to mass and FIP. For high resolution 

ICP-MS, intensity/concentration ratios plotted against element masses produce a 

characteristically linear mass bias regression, with high FIP elements systematically plotting 

below the mass bias regression line (Feldmann et al., 1994). For the instrumental conditions of 

the present study, this is shown in Figure 3.2a for solution nebulization of a 500 ppt solution, and 

in Figure 3.2b for laser ablation of BCR-2G. To demonstrate the FIP effect, we have plotted the 

deviation from the linear mass bias curve against the FIP in Figure 3.3, with both solution 

(Figure 3.3a) and laser ablation ICP-MS of BCR-2G (Figure 3.3b) yielding identical patterns. By 

contrast, LA-ICP-MS analysis of SRM 612 (Figures 3.2c, 3.3c) fails to conform to patterns seen 

for SN-ICP-MS and LA-ICP-MS, suggesting that, for some samples, elemental response is 

dependent on an additional factor: elemental temperature of condensation, shown in Figure 3.3 

by using separate symbols for refractory and volatile elements. If elements in all LA-ICP-MS 

analyses depended only on mass bias and FIP, as documented here for BCR-2G, then matrix-

independent conversion of intensities to concentrations could confidently be applied for all 

samples, and calibration against solution should produce accurate results (e.g., Leach et al., 

1999; Aeschliman, et al., 2003b). Fractionation recorded in SRM 612, however, demonstrates 

that in some cases matrix does affect LA-ICP-MS measurements. Matrix-dependent 

fractionations during LA-ICP-MS analysis have been reported elsewhere, such that samples with 

different matrices displayed dissimilar elemental fractionations (Humayun et al., 2007; Jochum 

et al., 2007).  

 There are at least two sources that may contribute significantly to the volatility effect 

observed here in SRM 612 (Figures 3.2c, 3.3c): non-stoichiometric sampling at the site of 

ablation (e.g., Eggins et al., 1998) and incomplete vaporization of particles in the ICP-MS 

plasma (Aeschliman et al., 2003a; Kuhn and Günther, 2004). During ablation with an excimer 

(193 nm) laser, Eggins et al. (1998) documented systematic changes in the ratio of volatile to 

refractory elements, while ablating for long durations at a single spot (thousands of pulses per 

spot). A similar effect was noted by Campbell and Humayun (1999) and Mank and Mason 
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(1999) for continuous ablation at a single spot with 266 nm and 248 nm laser systems. These 

later workers recommended ablating with a crater depth to diameter ratio near unity (Campbell 

and Humayun, 1999) or < 6 (Mank and Mason, 1999) to avoid elemental fractionation associated 

with continuous ablation at a single spot. Accordingly, in the present study we avoided deep pits 

and acquired continuous data in line scan mode or in shallow spots. Thus, elemental fractionation 

observed in this study must largely be due to effects other than non-stoichiometric sampling.  

 Aeschliman et al. (2003a) provide direct evidence of the incomplete vaporization in the 

ICP-MS plasma of large particles produced by the laser ablation of Y2O3 pellets. During ablation 

with each 266 nm and 193 nm laser wavelengths, particles were photographed streaking through 

the plasma, hitting the cones. Kuhn and Günther (2004) further examined the source of elemental 

fractionation for a 266 nm laser system by collecting the ablated material from SRM 610 in three 

size fractions (total aerosol, particles < 340 nm, and particles < 125 nm) and measuring their 

compositions by SN-ICP-MS. Though the total aerosol was representative of the sample ablated, 

indicating that sampling was stochiometric, there was a size-related dependence on ablated 

particle composition. Specifically, the smallest fraction (particles < 125 nm) showed a > 20% 

enrichment in the following elements: Na, V, Ni, Cu, Zn, Ga, Rb, Ag, Cd, In, Tl, Pb, Bi, and U. 

Despite stoichiometric sampling of material in their study, Kuhn and Günther (2004) found 

elemental fractionation in their LA-ICP-MS measurements and concluded that incomplete 

vaporization of large particles in the ICP-MS plasma was the primary source of the observed 

elemental fractionation. This incomplete vaporization of large particles in the ICP-MS plasma, 

then, is the most likely cause of the low refractory ESRs we measure for SRM 612 by LA-ICP-

MS.  

Volatility 

 Several workers have used melting points or boiling points of the pure element or of 

simple oxides as a proxy for volatility of an element without achieving much success in relating 

elemental behavior during laser ablation with these parameters (Kuhn and Günther, 2004; 

Rodushkin et al., 2002). To assess the role of volatility in elemental fractionation during laser 

ablation ICP-MS, deviations from reported concentrations are plotted in Figure 3.5 as a function 

of the nebular condensation temperature in the solar nebula, Tc (Lodders, 2005). Unlike melting 

or boiling points of pure elements or simple element oxides, the condensation temperatures 

reflect the thermodynamic interactions of a multi-component oxide-silicate system (Grossman,  
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Figure 3.5. SRM 612 (solid diamonds; ~51 ppm Fe) and SRM 614 (open circles; ~19 ppm Fe) 
calibrated against SRM 610 (~457 ppm Fe). Deviations are measured concentrations divided by 
reported concentrations. With notable exceptions, volatile element enrichment and refractory 
element depletion are more pronounced with decreasing Fe content of the glass. ESRs are listed 
in Table 3.2. 
 
 
 
1972). The choice of nebular Tc for ordering the elements is somewhat arbitrary but no 

quantitative measure of volatility during laser ablation is presently available. It is, therefore, not 

surprising that several elements appear as anomalies in our measured volatility trend (e.g., Re, 

W, U, Mo). If anomalies were observed in only one standard, it could arguably be due to 

inaccuracy in reported concentrations; however since both standards display systematic 

deviations for these elements, the anomaly is likely intrinsic to that element’s fractionation 

behavior. These elements (Mo, Re, W, and U) are notable as their volatilities are strongly 

dependent on their redox state. In a reducing gas (i.e., under the nebular conditions for which the 

condensation temperatures were calculated) Mo, Re, and W condense as refractory metals. 

However, the gas composition formed during ablation is dominated by the oxygen-rich vapor 

released by the breakdown of these silicate glasses. Indeed, Wang et al. (2001) reported that 

during the thermal decomposition of a Ca-Mg-Al-silicate glass in vacuum, oxygen released by 

the break-down of silicates locally increased the oxygen fugacity around the experimental 

charge, resulting in the oxidation of elements sensitive to redox changes (Ce, in their 

experiment). Rhenium, W, and Mo, then, may vaporize as their volatile oxides  (Weast, 1985) in 
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the plasma. The change in redox state results in a lower temperature of condensation/evaporation 

for these elements. Volatile loss of these elements was documented for Mo and W in the solar 

nebula (Fegley and Palme, 1985), and for Re from subaerial lavas (e.g., Bennett et al., 2000; 

Lassiter, 2003). For U, possible volatilization from impact-generated silicate melts (tektites) has 

been reported (Wasson et al., 1990; Wasson, 1991). It seems likely, then, that our observed 

anomalies in Re, W, Mo, and U, are simply the result of incorrect positioning along our x-axis. 

In the absence of better quantification of their volatile behavior, we note that these anomalies can 

be explained by the systematically more volatile nature of these elements, but we currently lack a 

Tc with which to better assign the element in Figure 3.5. 

 Factors that affect the accuracy of LA-ICP-MS analysis 

 Transparency. We explore this observed volatility dependence further by exploiting the 

range of transparencies in the SRM 61X series (Figure 3.1). Laser energy does not easily couple 

with transparent samples at 213 nm, since a substantial fraction of the laser energy is transmitted 

deep into the sample, resulting in larger particles. If more transparent glasses produce larger 

particles in the aerosol (e.g., Guillong and Günther, 2002; Guillong et al., 2003) and larger 

particles are incompletely vaporized in the ICP-MS plasma (Aeschliman et al., 2003a), then the 

depletion of refractory elements observed in SRM 612 in Figure 3.3c should be more apparent in 

a more transparent glass. In Figure 3.5, the degree of this volatility effect is observed to be 

correlated with glass transparency, such that the depletion of refractory elements is progressively 

larger in the order: SRM 614 > SRM 612 > SRM 610. Although we have not measured SRM 610 

against one of the more Fe-rich glasses, SRM 610 may also exhibit some of this volatility effect 

seen prominently in SRM 612 and SRM 614. Though deviations for SRM 616 are not included 

in Figure 3.5, they are roughly similar to those of SRM 614. (For SRM 616, deviations of 

measured concentrations from reported concentrations can be calculated for each element by 

dividing the SRM 616 ESR by the SRM 610 ESR; Table 3.2.) This is expected as SRM 616 and 

SRM 614 have comparable Fe concentrations, and are about equally transparent in the optical 

region (Figure 3.1). The use of these transparent NIST SRM glasses as standards for calibrating 

laser ablation ICP-MS measurements at wavelengths even as low as 213 nm, then, introduces 

unnecessary error to the measurement of concentrations in geologic samples. 

 Mode of ablation. To explore laser parameters that might affect the accuracy of 

elemental concentrations, we varied separately the mode of ablation and the laser energy used to  



 40 

0.7 

0.8 

0.9 

1 

1.1 

1.2 

1.3 

0.7 

0.8 

0.9 

1 

1.1 

1.2 

1.3 

Zr Lu Dy Th Tm Y Sc Al Sm Pr Nb Ca Sr Co Mg Si Mn Cu Ag Ga Ge Cs Bi Pb Tl 

D
e
v
ia

ti
o

n
 f

ro
m

 R
e
p

o
rt

e
d

 C
o

n
c
e
n

tr
a
ti

o
n

 

Refractory Volatile 

a. Ablation Modes 

b. Laser Energy Output 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6. SRM 612 calibrated against SRM 610 under different operating conditions. (a) 
Ablation modes: line (solid diamonds) versus spot (open circle). (b) Laser energy output: high 
(1.1 mJ; solid) versus low (0.7 mJ; open). 
 
 
 
sample SRM 612. In Figure 3.6a, we plot the deviations from reported concentrations in SRM 

612 for measurements ablated with line mode (solid squares) and spot mode (open circles). Spot 

size and laser energy were kept constant. There is no clear change in deviation from reported 

concentration due to ablation mode on spots with shallow craters. The elemental fractionation, 

however, persists in both modes and is clearly reproduced.  

 Laser energy. Figure 3.6b displays deviations from reported SRM 612 concentrations for 

measurements performed with a higher laser energy (1.1 mJ; closed squares) and a lower laser 

energy (0.7 mJ; open circles). For lower energy measurements, deviations are greater by ~5% for 

many elements, with deviations following the volatility pattern seen in Figure 3.5. This 

strengthening of the volatility pattern is small compared to the effect of glass transparency, but is 

clearly a cause of increased deviation from reported concentrations. 

 In Figure 3.7, SRM 612 concentrations, calibrated against ML3B-G ESRs (Table 3.5), 

are plotted as deviations from reported concentrations. Open circles represent SRM 612 

measured at least twice during each of three analytical sessions at ~50% laser energy output 
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Figure 3.7. SRM 612 calibrated against ML3B-G. Open circles are the average of concentrations 
measured on three days at ~50% laser energy output (average 0.3 mJ); solid diamonds are the 
average of three measurements on the same day with 70% laser output (1.2 mJ). Error bars are 
1!.  
 
 
 
(~ 0.3 mJ). Solid diamonds are the averages of three measurements from the same analytical 

session at a higher energy (70% laser energy output, ~1.2 mJ). Both sets of measurements were 

made at R=4000. RSDs (1!) for measured concentrations are " 7% (average 4%) for the low 

energy setting (~0.3 mJ) and " 4% (average 2%) for the higher energy setting (~1.2 mJ), except 

for Zn, which has RSDs of 15% and 9%, respectively. Interestingly, in Figure 3.7, SRM 612 

measured at higher laser energy shows no clear volatility trend and better RSDs than 

measurements performed at lower energy. Thus, volatility effects in transparent glasses diminish, 

and may disappear, with increasing laser energy output. This is consistent with the idea that 

volatility effects are caused by incomplete vaporization of large particles in the ICP-MS plasma. 

Any variable (e.g., transparency, laser energy, laser wavelength (Guillong et al., 2003)) resulting 

in poor laser-sample coupling apparently contributes to a volatility effect. Above a certain 

threshold of coupling, however, that variable should no longer cause matrix-dependent volatility 

effects. 
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Figure 3.8. For each silicate glass standard (a: GOR128-G, b: StHs6/80-G, c: ATHO-G, d: SRM 
612) deviations are measured concentrations (Table 3.6) of selected elements divided by reported 
concentrations cited in text. All measured concentrations are calibrated against basalt ML3B-G. 
Error bars are 1! of the average of at least 4 analyses during two measurement sessions. ESRs 
for each standard are reported in Table 3.4. 
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Figure 3.9. For geologic glasses, deviations between measured and reported concentrations 
>10% are typically associated with > 10% uncertainties in reported concentrations. 
 
 
 
 Uncertainty in reported concentrations. In order to explore the effects of matrix-

dependence in LA-ICP-MS, we measured concentrations of 37 elements across a wide suite of 

silicate matrices. Using ESRs from ML3B-G for calibration, we measured the elemental  

abundances for USGS, MPI-DING, and SRM 612 glasses (Table 3.6). For selected standards 

representing the broad range of compositions observed in geological glasses, deviations from 

reported concentrations are plotted in Figure 3.8. For all geologic glasses analyzed, nearly all 

measured elemental concentrations are within 10% of the reported concentrations (average 7%). 

The deviations are not dependent on silicate matrix, as rhyolite (ATHO-G) elemental abundances  

calibrated against a basalt (ML3B-G) are no farther offset than elemental abundances of a 

komatiite (GOR128-G) calibrated against the same basalt. In Figure 3.8, those elements that 

deviate by an amount substantially greater than the precision of the measurements generally have 

larger uncertainties on their reported concentrations (Figure 3.9). This has the important 

corollary that future improvements in obtaining certified values for elements in these standards 

will result in substantial improvements in the accuracy of future LA-ICP-MS analyses. Thus, for 
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Fe-bearing glasses, matrix-independent standardization is a reliable calibration method at the 

level of accuracy currently available. 

Strategies for matrix-independent standardization 

 Below, we summarize the strategies for standardization that provide the best accuracies 

for LA-ICP-MS analysis of silicates or ceramics attainable with a 213 nm laser ablation system. 

These strategies may also apply more broadly to other matrices, such as metals or sulfides.  

• Matrix-independent standardization is accurate across a wide range of matrices with the 

exception of transparent standards. 

Deviations of elements in SRM 612 in Figures 3.5, 3.6, and 3.8 are generally greater than in the 

geologic glasses (Figure 3.8) and display a characteristic volatility fractionation. Thus, at the 

settings used in this study, sample transparency is the most obvious cause of the observed 

matrix-dependent elemental fractionation. SRM 61X glasses, then, are inappropriate standards 

for Fe-bearing silicate glasses and may result in the reporting of inappropriately high refractory 

element concentrations and low volatile element concentrations. In most cases, it is preferable to 

select for standardization MPI-DING glasses, USGS basalt glasses, or the newly available GSX-

1G glasses (Guillong et al., 2005, Jochum et al., 2005) produced at the USGS, which have a 

high-Fe basaltic matrix doped with a wide suite of elements. Selecting a standard with a matrix 

that readily absorbs laser radiation should negate possible LA-ICP-MS induced volatility effects, 

and allow for matrix-independent calibration of samples to within the accuracy achievable with 

currently available standards.  

• Choice of internal normalizing element becomes important to standardize between 

transparent and non-transparent materials. 

If it is necessary to use SRM 61X glasses as standards, or if samples to be measured are 

transparent, it is important to choose for internal normalization an element of similar Tc to that of 

the other elements measured. In the analysis of USGS glasses by Strnad et al., (2005) calibration 

of refractory elements against mid-Tc element Si produced concentrations systematically higher 

than a calibration against refractory Ca. Tanaka et al. (2007) avoided the problem by normalizing 

rare earth elements (REEs) to Ca, all refractory elements, and measured concentrations within 

10% using both calcite standards and SRM 61X glasses. Because refractory elements produce 

uniformly lower ESRs in SRM 612 relative to SRM 610 (11% ± 4%; Table 3.2), the choice of a 

refractory element for normalization results in much more accurate measured refractory 
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concentrations. This explains why some previous calibrations against SRM glasses have been 

successful (e.g., Norman et al., 1996; Tanaka et al, 2007). Volatile elements, however, produce 

more variable ESRs and matrix-independent standardization for volatile elements in transparent 

glasses results in lower accuracies of measured concentrations. Some geochemical studies 

require the characterization of both volatile and refractory elements, for example in 

geochronology the Rb/Sr and U/Pb ratios need to be simultaneously determined with great 

accuracy. In these cases the best accuracy can only be achieved by calibration against non-

transparent standards. 

• Ablating transparent samples at the highest laser energy possible decreases volatility 

effects.  

Finally, when measuring transparent glasses, it is desirable to ablate with the highest possible 

laser energy settings to improve laser-sample coupling and decrease measured volatility effects 

(Figure 3.7). During the analysis of some complex poly-phase materials, as in laser ablation of 

cometary materials embedded in the silica aerogel, the ablation of transparent materials is 

unavoidable. In this case, ablation with high laser energy settings should produce the most 

accurate LA-ICP-MS calibration attainable, negating or minimizing volatility effects. 

 

Conclusion 

 

 ESRs measured from a multi-element solution (SN-ICP-MS) and from the laser ablation 

(LA-ICP-MS) of BCR-2G and SRM 612 depend strongly on element mass and FIP. ESRs 

measured on the transparent NIST SRM 61X series glasses show an additional dependence on 

elemental temperature of condensation, such that ESRs of refractory elements are lower, and 

ESRs of volatile elements are higher, than predicted by their mass and FIP dependences. This 

matrix-dependent elemental fractionation intensifies in more transparent glasses, and we measure 

as much as ~20% offsets between reported and measured element concentrations in our most 

transparent glass (SRM 614). We show that these offsets can be minimized or negated by 

ablating with high laser energy.  Non-transparent glasses show no resolvable matrix- dependent 

volatility effects and may be employed interchangeably for calibration, without regard for 

matrix. For many elements in non-transparent glasses, uncertainties in reported standard 

concentrations are the greatest obstacle in accuracy of LA-ICP-MS measurement. For the 
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measurement of transparent samples, reliable matrix-independent calibration of refractory 

elements is possible when the Tc of the internal normalizing element approximately matches that 

of the elements to be determined (e.g., Ca for REEs). The widespread use of the transparent 

NIST SRM 61X series glasses has caused much of the concern regarding matrix matching in 

LA-ICP-MS, but the availability of many new standards with an Fe-rich matrix now make 

possible the wider use of LA-ICP-MS as an analytical tool. 
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CHAPTER 4 

 

MATRIX-INDEPENDENT LA-ICP-MS ANALYSIS OF AEROGEL IN PREPARATION 

FOR THE MEASUREMENT OF NASA STARDUST SAMPLES 

 

Introduction 

 

 Comets are thought to be aggregates of ice, dust, and organics, frozen together in the 

outer protoplanetary disk (Festou et al., 2004). Those bodies which remained beyond the orbit of 

Jupiter, never approaching the sun close enough to sublime and lose material, are thought to be 

excellent reservoirs of early solar, and/or presolar, material. To investigate cometary dust in the 

laboratory, the NASA Stardust mission sampled dust from the Jupiter family comet, Comet 81/P 

Wild 2 (Brownlee et al., 2006). Dust from the comet tail, traveling with a relative velocity to the 

Stardust spacecraft of ~6.1 km/s, was captured in aerogel collectors. The aerogel is a silica foam 

with a density of 30-50 mg/cm3. During its 2004 rendezvous with Comet Wild 2, Stardust 

collected about 1200 grains larger than 1 µm, distributed along several hundred impact tracks, 

representing the non-volatile portion of the comet (Burchell et al., 2008). In their initial 

mineralogical examinations of 52 tracks, Zolensky et al. (2006) reported abundant silicates, 

sulfides, and metals, reflecting a range of grain formation conditions, from the hot, inner solar 

system to the cold region of comet accretion. Sub-micron material of roughly chondritic 

composition was melted into aerogel in the upper portions of tracks (Brownlee et al., 2006; 

Leroux et al., 2008). The presence of coarse mineral grains has been taken to imply mixing of 

inner solar system material into the region of comet accretion, and strengthened the relationship 

between carbonaceous chondrites and comets (e.g., Zolensky et al. 2006; Zolensky et al., 2008; 

Weisberg and Connolly, 2008). 

Hypotheses of early solar system mixing mechanisms, including ballistic transport of 

particles from high temperature inner regions to areas of comet formation by a 

magnetocentrifugally driven X-wind (Shu et al., 1996) and by turbulent diffuse transport of 

particles in the mid-plane (Bockelée-Morvan et al., 2002; Ciesla, 2007), can be tested by analysis 

of the provenance of mineral grains contained in comets. Another important test is whether the 

fine-grained matrix of chondrites is also present in comets. Volatile elements (condensation T > 
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1400 K) are largely present in the matrices of carbonaceous chondrites, and form an important 

part of the basis of chemical classification of chondrites (Wasson and Kallemeyn, 1988; 

Kallemeyn et al., 1996). With the exception of a single intact lump of chondritic matrix material 

captured in a sulfide-olivine-matrix particle (Brownlee et al., 2006), most of the fine-grained 

material accompanying the terminal particles has been melted into aerogel and smeared along the 

particle tracks. This is evident from the presence of melted aerogel containing abundant sulfide 

globules surrounding terminal olivine grains (Brownlee et al., 2006; Zolensky et al., 2008). 

 Just as the elemental abundances of chondrite matrix material are analyzed for 

information about conditions in the regions of chondrite accretion (e.g., Bland et al., 2005), 

spatially resolved, high resolution elemental abundances of comet matrix material may now be 

examined in the returned Stardust tracks. The laser ablation-inductively coupled plasma-mass 

spectrometry (LA-ICP-MS) technique is ideally suited for in situ analysis of the fine-grained 

material in tracks as it allows for the accurate measurements of both low mass elements, 

necessary to characterize the bulk composition of the particle (Na, Mg, Al, Si, P, S, Ca, Fe, Ni), 

and high mass elements (e.g., Ru, Pd, REE, Ta, Hf, W, Re, Os, Ir, Pt, Au, Tl, and Pb), which 

may provide information about the conditions in the early solar system and the possible 

relationship to specific chondrite types (e.g., Wasson and Kallemeyn, 1988; Horan et al., 2003, 

Tagle and Berlin, 2008).  Flynn et al. (2006) have analyzed elemental compositions of Stardust 

cometary particles and tracks by energy-dispersive synchrotron X-Ray fluorescence analysis 

(SXRF). SXRF, however, is not sufficiently sensitive to measure elements with a higher atomic 

number than Mo, nor can it be employed to analyze elements with atomic number lower than Si 

in a Si-rich matrix. Zolensky et al. (2008) highlight the paucity of data on minor element 

concentrations in Stardust material, and specifically note the lack of elemental abundance 

analyses of the fine-grained material. In order to perform LA-ICP-MS measurements of major 

and trace elements in such a silica-dominated matrix, however, questions of standardization must 

first be addressed.  

 In this paper we explore the applicability of LA-ICP-MS as a tool for the analysis of 

NASA Stardust tracks in aerogel. Unfortunately the aerogel contained abundant impurities (Tsou 

et al., 2003), requiring careful characterization of the elemental composition of pre-flight 

aerogel. Here, we characterize the average and spatially resolved abundances of 48 elements in 

pre-flight aerogel, determine the amount of comet material needed to overcome this aerogel 
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background, and report the LA-ICP-MS analysis of two test analogs. The LA-ICP-MS technique 

has frequently been regarded as a matrix-dependent technique (e.g., Guillong and Günther, 2002; 

Rodushkin et al., 2002; Ko!ler et al., 2005). Recently, Gaboardi and Humayun (2009) have 

shown that matrix-independent LA-ICP-MS analysis is possible in silicates. Since the captured 

Stardust material includes metal, sulfides, and silicates, intimately melted together along the 

tracks, we examine the reliability of matrix-independent LA-ICP-MS standardization between 

silicates, metals, and sulfides. Additionally, the calibration of the wide range of cosmochemically 

interesting elements will require standardization against a range of matrices; the best platinum 

group element (PGE) standards are metals (Campbell et al., 2002) and new standards for 

chalcophile elements (Wilson et al., 2002) are sulfides. Quantifying the capabilities of matrix-

independent standardization has the potential to greatly expand the applications of LA-ICP-MS 

in cosmochemical problems.  

 

Methods 

 

Samples 

 Three sets of aerogel measurements were undertaken. (1) Analysis of elemental 

abundances in pre-flight aerogel was performed on aerogel control sample E230-7f provided by 

the Jet Propulsion Laboratory (JPL). (2) A Stardust analog was prepared by adding powdered 

Tagish Lake chondrite, CM 1/2, onto the surface of an aerogel sample obtained on EBay. (3) A 

test particle track, produced at NASA Johnson Space Center (JSC) by the hypervelocity impact 

of nephelinite (United States Geological Survey (USGS) preliminary standard NKT-1G) into a 

sample of aerogel, was analyzed. This last sample was provided as a small (~ 0.1 mm thick, 0.8 

mm long, 0.4 mm wide) “keystone”, or sample of aerogel containing the track, surgically 

removed from the main aerogel target.  The keystone, shown in Figure 4.1a, was extracted at 

Space Sciences Laboratory (UC Berkeley) and provided to us enclosed between two glass 

microscope slides. We transferred the keystone from the glass slide to the laser ablation cell by 

covering the keystone with a piece of double-sided tape, which we then peeled back from the 

microscope slide and affixed to the laser ablation cell. In this way elemental abundance 

measurements of the keystone, which was penetrated completely by the laser, were not 

contaminated by an underlying glass slide. Figure 4.1b displays this setup, with the ablated 
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Figure 4.1. (a) Image of NKT-1G particle embedded in aerogel by hypervelocity impact 
(courtesy of Andrew Westphal). (b) Image of the above “keystone” affixed to tape, with the 
darkened track created by the laser ablation measurement. Laser spot size is 40 µm.   
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 track through the keystone. The other aerogel samples were > 1 mm in thickness, thick enough 

not to be completely penetrated by the laser, and therefore were secured to glass slides with 

double-sided tape for introduction into the laser ablation chamber.   

Measurements 

 All measurements were performed with a New Wave UP 213 laser ablation system 

coupled to a Thermo Finnigan Element 1™ or Thermo Finnigan Element XR™ ICP-MS at the 

NHMFL Plasma Analytical Facility (Humayun et al., 2007). We analyzed the low mass isotope 

peaks 23Na, 24Mg, 27Al, 29Si, 31P, 32S, 44Ca, 45Sc, 47Ti, 51V, 52Cr, 53Cr, 55Mn, 56Fe, 59Co, 60Ni, 63Cu, 
66Zn, 69Ga, and 74Ge, in medium resolution (R=4000) to avoid molecular isobaric interferences, 

and we analyzed the high mass isotope peaks, including 88Sr, 89Y, 90Zr, 93Nb, 102Ru, 106Pd, 107Ag, 
111Cd, 120Sn, 121Sb, 139La, 140Ce, 141Pr, 144Nd, 147Sm, 153Eu, 156Gd, 164Dy, 166Er, 174Yb, 180Hf, 181Ta, 
182W, 185Re, 192Os, 193Ir, 195Pt, 197Au, 205Tl, 208Pb, 232Th, 238U, plus 29Si, in low resolution (R=400). 

Ni-X skimmer cones were used to enhance measured intensities of low mass peaks. Background 

intensities, measured on air blanks during the measurement session, were subtracted from sample 

isotope intensities. For all measurements, laser conditions were as follows: line ablation, 40-80 

µm spot size, 50-100% laser energy output, 0.1 to 1.0 mJ laser energy, 10 Hz pulse rate, and 10 

to 30 µm/s laser travel speed.  

The following standards or measured materials were employed, as described below, with 

concentrations taken from the following sources: SRM 612 Na-Al-Ca silicate glass standard 

(Pearce et al., 1997; Sylvester and Eggins, 1997), Tagish Lake (Brown et al., 2000), NKT-1G 

(preliminary analysis provided by Dr. Stephen Wilson, USGS), ML3B-G basalt glass standard 

(Jochum et al., 2006), SRM 1263a Cr-V steel standard (USGS certificate of analysis), and Mass-

1 pressed powder metal sulfide pellet (Wilson et al., 2002). 

 Following Gaboardi and Humayun (2009), elemental abundances are calculated from 

measured intensity ratios, using elemental sensitivity ratios (ESRs) as follows:   

 

       Equation 4.1 
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Table 4.1. ESRs measured from SRM 612 used to calibrate E230-7f concentrations. 
 

 ESR RSD  ESR RSD 

Na 3.35 0.00 Sn 5.23 0.06 

Mg 1.76 0.01 Sb 3.18 0.07 

Al 1.34 0.01 La 1.77 0.04 

Si 1.00  Ce 2.53 0.03 

Ca 2.60 0.02 Pr 2.57 0.03 

Sc 1.79 0.02 Nd 3.19 0.05 

Ti 2.13 0.02 Sm 2.73 0.05 

V 3.45 0.01 Eu 3.30 0.04 

Cr 3.69 0.01 Gd 3.69 0.03 

Mn 3.53 0.03 Dy 2.49 0.04 

Fe 3.15 0.00 Er 2.26 0.04 

Co 3.21 0.01 Yb 2.51 0.04 

Ni 3.20 0.02 Hf 2.03 0.05 

Cu 3.62 0.03 Ta 1.43 0.05 

Zn 2.82 0.01 W 2.43 0.04 

Ge 4.66 0.04 Re 3.94 0.04 

Sr 3.07 0.03 Os 2.87  

Y 2.10 0.06 Ir 2.87  

Zr 1.93 0.06 Pt 2.87 0.04 

Nb 2.09 0.04 Au 3.01 0.04 

Ru 2.09  Tl 4.19 0.11 

Pd 7.99 0.11 Pb 3.64 0.09 

Ag 4.13 0.08 Th 1.73 0.06 

Cd 3.62 0.10 U 3.07 0.04 

 
Note: ESRs for Ru, Os, and Ir were estimated from surrounding element ESRs. 
 
 
 
where I is the peak intensity, f is the isotopic abundance, C is the concentration of the element, x 

is the element analyzed for, normalized to Si, and the ESR is the intensity/concentration ratio  

from the standards used for calibration of element x. Elemental sensitivity ratios used to calibrate 

element concentrations were measured from the following standards: SRM 612 for use with 

aerogel sample E230-7f (Table 4.1) and Tagish Lake on aerogel, NKT-1G for use with keystone, 

and ML3B-G (Table 4.2) for use with SRM 1263a and Mass-1. ESRs for Ru, Os, and Ir were 

estimated using ESRs from Nb (for Ru) and Pt (for both Os and Ir) as the elements had similar 

mass, first ionization potential, and volatility (Gaboardi and Humayun, 2009). Detection limits 

were calculated from 3! of the background intensities.  
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Table 4.2. ESRs from ML3B-G for calibration of SRM 1263a metal and Mass-1 sulfide pellet 
measured concentrations. Metal and sulfide ESRs provided for comparison. 
 

 ML3B-G SRM 1263a Mass-1 

Na 1.03  1.88 

Al 0.62 0.86  

Si 0.31 0.38  

P 0.14 0.21  

S   0.30 

Ti 0.85 0.92  

V 1.22 1.09 1.04 

Cr 1.27 1.27 2.20 

Mn 1.14 1.45 1.31 

Fe 1.00 1.00 1.00 

Co 1.23 0.95 1.13 

Ni 1.04 0.91  

Cu 1.09 0.98 0.88 

Zn 0.84  0.80 

Ge  1.64 1.57 

 

 

 

Results 

 

 Elemental abundances (in ppb) for 48 elements measured in the pre-flight aerogel sample 

E230-7f are reported in Table 4.3 and shown in Figure 4.2 along with bulk compositional 

measurements obtained for the Stardust aerogel at JPL (Tsou et al., 2003). The blue solid line 

(diamond markers; Figure 4.2) represents the average of three R=4000 measurement for 

elements Na to Ge, and the average of six R=400 measurements for higher mass elements. Error 

bars shown are 1!. The blue dashed line indicates detection limits imposed by variation of the 

instrumental blank. For comparison, the red solid line (circle markers) in Figure 4.2 represents 

elements detected in the study of Tsou et al. (2003) with elements reported only as “below 

detection limits” shown as open red symbols. These data were obtained at a commercial lab on 

bulk pre-flight aerogel samples by solution nebulization-inductively coupled plasma-mass 

spectrometry (SN-ICP-MS) (Tsou et al., 2003).  

 Element concentrations along ablated tracks (Figure 4.3) followed one of three types of 

distributions:  (a) elements with a high (> 1 ppb) and consistent (<30% RSD) concentration (blue  

line in Figure 4.3; Mg, Al, Ca, Mn, Fe, Co, Ni, Cu, Zn, Sr, Y, Pd, Cd, Sn, Sb, Au, Pb, U), 
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Table 4.3. Concentrations (ppb) and detection limits (Det Lmt) of E230-7f determined by LA-
ICP-MS, compared with bulk aerogel concentrations (Tsou et al., 2003). 
 

 This study 
Tsou et al., 

2003   This study 
Tsou et al., 

2003  

  Conc Stdev Det Lmt Conc 
Det 
Lmt   Conc Stdev 

Det 
Lmt Conc 

Det 
Lmt 

Na  80,000  40000 240 5800 5 Sn  43,000   1,000   4  28000 1 

Mg  2,400  300 3 2000 2 Sb  10   3   0.2  3.8 1 

Al  2,400  400 150 2460 2 La  0.4   0.4   0.02  1 1 

Si 
 

467,000,000    40,000,000    Ce  1.4   1.0   0.02  1.2 1 

Ca  14,000  4000 220 5200 10 Pr  0.2   0.2   0.01 1 1 

Sc 3 2 0.9 5 5 Nd  0.2   0.1   0.1  2 2 

Ti 80 40 10 148 5 Sm  0.7   0.1   0.3  3 3 

V 7 4 0.3 2.3 1 Eu  0.11   0.09   0.01  2 2 

Cr 50 20 10 38 3 Gd  0.7   0.3   0.2 2 2 

Mn 33 3 1 30 3 Dy  0.80   0.08   0.07  1 1 

Fe 500 100 2 1800 10 Er  0.2   0.2   0.07  2 2 

Co 9 2 0.5 1.5 1 Yb  0.11    0.1  2 2 

Ni 220 40 100 88 3 Hf  1.0   0.4   0.05  5 5 

Cu 720 40 41 182 2 Ta  0.4   0.1   0.4  2 2 

Zn  6,000  1000 6 1300 3 W  0.5   0.2   0.2  2 2 

Ge 23  23 1500 2 Re  0.6   0.8   0.07  2 2 

Sr  103   4   0.7  35 1 Os  0.10   0.04   0.07  2 2 

Y  10.2   0.6   0.4  8.1 2 Ir  0.03    0.03  5 5 

Zr  30   10   0.9  151 1 Pt  0.5   0.2   0.4  5 5 

Nb  1.1   0.9   0.06  2.1 2 Au  40   10   0.7  5 5 

Ru  0.3    0.3   3 Tl  0.5   0.9   0.1  2 2 

Pd  3.1   0.5   0.04   5 Pb  540   20   3.0  300 2 

Ag  14   6   2   2 Th  0.2   0.2   0.009  2 2 

Cd  80   20   0.6  1.9 1 U  7.7   0.9   0.008  2 2 

 

 

 

(b) elements with a high (> 1 ppb) but variable concentration throughout aerogel (red line in 

Figure 4.3; Ti, V, Cr, Zr, Nb, Ag, Hf) and (c) elements with individual microanalyses that were 

often below the detection limit (black line in Figure 4.3; REE, Ta, W, Re, Os, Ir, Pt, Tl, Th). 

Additionally, as in the case of W, spatially-resolved analysis of aerogel revealed concentration 

spikes, or “hot spots”, of some elements (Fig. 4.3). These hot spots were often more than 2 

orders of magnitude above background concentrations. Table 4.4 reports concentrations for each  

of these hot spots, which were removed from the overall aerogel concentrations reported in Table 
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Figure 4.2. Elemental abundances of pre-flight aerogel E-230-7f with detection limits shown in 
blue. Error bars are 1!. Bulk aerogel concentrations and detection limits from Tsou et al. (2003) 
are indicated in red. Data in Table 4.3. 
 
 
 
4.3 and Figure 4.2. For comparison, bulk aerogel concentrations with and without hot spots are 

included in Table 4.4. Tungsten displayed the greatest number of hot spots and was the only 

element whose concentration including hot spots was more than a factor of two above its 

concentration excluding hot spots (9 versus 0.5 ppb). 

 We prepared a Stardust analog using Tagish Lake CM1/2 chondrite powder sprinkled on 

EBay aerogel.  During our measurement we observed, via the reflected light microscope of the 

UP213, that the laser pulses blew the majority of the loose powder off of the aerogel surface, as 

the laser pulses produced local shock waves on the sample surface. However, we found that 

areas that formerly held powder yielded very intense beams of Mg, Fe, etc., derived from the 

Tagish Lake chondrite even though little or no visible powder remained at the site. In Figure 4.4, 

the compositional average of four tracks across the Tagish Lake-based aerogel analog,  

normalized to CI chondrite abundances, is shown as the blue solid line. Also shown for 

comparison, are the bulk abundances of Tagish Lake (red dashed line) from Brown et al. (2000). 
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Figure 4.3. Concentrations of Ag, Cd, and W during the measurement of one ablated track of 
E230-7f demonstrate 3 types of element distribution within aerogel: (a) elements with a high and 
consistent concentration (e.g., Cd) (b) elements with a variable concentration throughout aerogel 
(e.g., Ag) and (c) elements with concentrations that were close to detection limits (e.g., W; 
detection limit is 0.2 ppb). Like W, some elements (Table 4.4) have hot spots that are often more 
than 2 orders of magnitude above background concentrations.  
 
 
 
 
Table 4.4. Concentrations (ppb) of hot spots in E230-7f. Average aerogel concentrations are 
given both with and without hot spots included. Detection Limits (Det Lmt) are given. 
 

 Hot spot concentrations Total aerogel concentrations 

 Hot spot 
With hot 

spots 
Without 

hot spots  

 1a 1b 2 3a 3b 4 5 6a 6b Ave Ave 
Det 
Lmt 

Ti 3900  2000       170 77  10  

V 330   390      18 7  0.3  

Cr 2400         90 48  12  

Nb   90        1.4   1.1   0.06  

Ce    190    80   2   1   0.02  

Ta 110       20   0.7   0.4   0.4  

W 60 50 120 230 550 240  420 750  9   0.5   0.2  

Re      20  20   0.7   0.6   0.07  

Tl       90    1   0.5   0.1  

 
Note: Hot spot number is assigned by track number (1-6). Letter designation is given when a 
track has more than one hot spot of an element. 
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Figure 4.4. Elemental abundances of Tagish Lake powders sprinkled on aerogel (blue solid line) 
and of reported concentrations of Tagish Lake (red dashed line; Brown et al., 2000), normalized 
to the average composition of a CI chondrite. Elements are ordered according to temperature of 
condensation, with the exception of Na, which is placed with other chondrule-forming elements. 
Shaded boxes indicate the maximum expected offsets due to transparency-induced volatility 
effects.   
 
 
 

The laser ablation track of NKT-1G hypervelocity implant in aerogel is shown in Figure 

4.1b. Ablation was initiated on the tape, proceeded through the aerogel towards the terminal 

NKT-1G particle, and sampled the particle entrance last, so as to analyze the lowest 

concentration portions of the track earliest thereby minimizing the effects of memory in the 

ablation process. Figure 4.5 displays the Mg concentration (in ppm) across the track, with the 

scale manipulated so that the terminal particle is encountered at approximately 10 µm on the x-

axis, with a Mg concentration of ~250 ppm. The laser penetrated the entire keystone and the 

underlying tape. The combined aerogel and tape background concentration, recorded from ~50 to 

250 µm, is ~130 ppm (much higher than in E230-7f). Discrete particles of NKT-1G, encountered 

within the main bulb, result in Mg spikes as high as ~350 ppm. Though NKT-1G particles are 

highest in concentration between 250 and 400 µm (the terminal end of the main bulb), their 

presence is recorded throughout the bulb, including at the particle entrance (~550 µm). 

Magnesium, Al, Fe, and Cu concentrations, plotted in log scale along the same track, are 

displayed in Figure 4.6. 
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Figure 4.5. The Mg concentration (ppm) along the track of NKT-1G displayed in Figure 4.1. 
The terminal particle was encountered at approximately 10 µm on the x-axis, background 
aerogel and tape concentration recorded from ~50 to 250 µm, and particles of NKT-1G were 
measured throughout the main bulb, including at the particle entrance (~550 µm). 
 

 
Discussion 

 

Aerogel background 

 Agreement between our microanalysis and the SN-ICP-MS bulk analysis (Tsou et al., 

2003) of aerogel is good for most elements that exhibit concentrations above detection limit in 

the JPL analysis (Figure 4.2).  Results for Mg and Al are consistent with bulk analysis at 2 ppm, 

and we confirm the high Sn and Pb concentrations reported in the bulk analysis. Discrepancies 
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Figure 4.6. Mg, Al, Fe, and Cu concentrations (ppm) plotted in log scale along the track of NKT-
1G in aerogel.  
 
 
 
include Na, Co, Ge, Ag, Cd, and Au. Cadmium has well resolved concentrations, without large 

variations (Figure 4.3), more than an order of magnitude higher than in bulk measurements, and 

Ge is at detection limits in LA-ICP-MS, about 100-fold below the bulk measurements, in either 

case with no obvious explanation. Sodium and Ag each have higher but variable concentrations 

indicating the presence of inclusions, of which our aerogel may have contained a greater  

abundance than aerogel measured for bulk analysis. Cobalt and Au are each slightly higher than 

in bulk analysis. It is noteworthy that synchrotron XRF analysis revealed spatially resolved hot 

spots in numerous elements, including Ca, Fe, Ni, Cu, and Zn, that complicated background 

subtraction of the aerogel from cometary particle signals (Flynn et al., 2006). 

 The detection limits for Ni and Cu are poor in the LA-ICP-MS measurements because of 

high backgrounds resulting from the use of Ni cones, with a Cu base. For most other elements, 

however, despite using a micro-analytical technique, we obtained lower detection limits by about 

100-fold than the bulk ICP-MS method (Tsou et al., 2003), and recovered abundances on a  
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Figure 4.7. Approximate mass of comet material homogeneously distributed through the entire 
track volume required to overcome the aerogel background (blue line). For elements that have 
hot spots in the aerogel the red diamonds indicate the mass needed to overcome hot spots. The 
green lines show the amount of each element contained within 20, 40, and 100 µm diameter 
particles of CI chondrite composition. 
 
 
 
number of REE, Hf, Ta, Re, Au, Th, and U. Even more significantly, we found that Ru, Os, Ir 

and Pt were at or below the detection limits, < 0.5 ppb. These elements can be used in 

fingerprinting chondrite types (e.g., Horan et al., 2003) and can be detected very sensitively by 

our ICP-MS technique. Thus, our new data contribute importantly to knowledge of the aerogel 

background, lowering the detection limits for many high mass elements by as much as two 

orders of magnitude. 

In Figure 4.7, we convert our aerogel background detection limits (3! of the aerogel 

concentrations) to the equivalent mass of a CI chondrite composition particle smeared along the 

track (blue line). We calculated the amount of material of chondritic composition necessary to 

overcome the aerogel blank as follows. The estimated volume analyzed for each track was 

determined using the beam diameter (100 µm), track length (1000 µm), and crater depth (1000 

µm). The crater depth was determined at ~500 µm by focusing the microscope stage on the rim 

and the base of the crater and measuring the difference in depth. However, for the calculation 

this depth was doubled (1000 µm) to be conservative. The UP213 laser produces exceptionally 
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deep craters in aerogel due to the very low density of the target. The equivalent depth in pure 

silica glass would be ~5 µm for the same beam diameter and track length, using a density of 3 

g/cm3. The amount of CI chondrite equivalent was then calculated from Equation 4.2, below,
  

 
     Equation 4.2 

where m is mass, and C is concentration, in CI chondrite composition (Anders and Grevesse,  

1989), and the chondritic particle is assumed to have a density of 1.5 g/cm3. As comets and 

chondrites have compositional similarities (e.g., Brownlee et al., 2006, Flynn et al., 2006, 

Weisberg and Connolly, 2008), this provides an approximate estimate for the amount of comet 

material necessary to overcome the aerogel background. For elements that have hot spots 

throughout the aerogel (Table 4.4), the red diamonds in Figure 4.7 indicate the most variable 

circumstance, in which hot spots are included in detection limit calculations. The green lines 

show the amount of each element contained within 20, 40, and 100 µm diameter particles of CI 

chondrite composition. It can be seen that for more abundant elements, even a 20 µm particle 

would allow for detection of nearly all major elements, and Os-Ir-Pt. With a particle of 100 µm 

in diameter, all elements except Sn could be detected, though Au and U, and hot spot-prone Ta 

and W would be near the detection limit. It is important to recognize that these CI-equivalent 

particle diameters refer to the incoming particle (matrix+mineral grains) and not to terminal 

particle diameters (mineral grains alone). 

 These numbers represent the worst-case scenario, because the UP213 laser penetrates 

very deeply (~500 µm) into transparent material. We estimate that if the laser traverses a particle 

track, the laser energy would be absorbed at a shallower depth by the opaque material along the 

track, reducing the amount of aerogel ablated, thereby lowering the background. This effect 

could be determined since the amount of background correction is scaled to the intensity of the 

Si beam, which originates largely from the aerogel matrix. The use of a laser ablation system 

with shorter wavelengths (e.g., 193 nm excimer) would also result in lower chondrite-normalized 

background contributions. 

 

Stardust Analogs 

 Tagish Lake on aerogel. To assess the accuracy of LA-ICP-MS measurements of 

chondrite material embedded in aerogel, we analyzed elemental abundances of Tagish Lake 
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CM1/2 chondrite powder sprinkled on aerogel. Figure 4.4 displays these average elemental 

abundances, normalized to CI chondrite composition. Elements are ordered according to 

decreasing condensation temperature (Lodders, 2003) from left to right, with the exception of 

Na. The most refractory elements (Sc-Ca) are depleted relative to bulk Tagish Lake 

concentrations by more than a factor of 3 and the most volatile (Mn-Zn) are enriched by more 

than a factor of 2. Elements of intermediate condensation temperature and Na are present in 

chondritic abundances, relative to Mg. There are two possibilities for this pattern of volatility 

dependence: (1) the incomplete vaporization in the ICP-MS plasma of large particles ablated 

from transparent samples, or (2) size-sorting of particles due to large particles being easily blown 

off aerogel by the laser shock waves. 

 LA-ICP-MS analysis of transparent silicate glasses has been shown to produce offsets 

between measured and reported concentrations as high as ~25% with a depletion of the more 

refractory elements and an enrichment of the volatile elements (Gaboardi and Humayun, 2009). 

To assess the potential magnitude of this effect on material in aerogel, in Figure 4.8 we plot 

deviations from reported Ca concentrations for a range of silicate standards calibrated against 

basalt standards from data reported in Gaboardi and Humayun (2009). The standards, including 

MPI-DING glasses (ATHO-G, StHs6/80-G, T1-G, KL2-G, ML3B-G), USGS BHVO-2G and 

BCR-2G, and NIST SRM 610, SRM 612, SRM 614 and SRM 616, are arranged according to Fe 

content. The measured concentrations in the most transparent glasses, SRM 612, SRM 614 and 

SRM 616, are offset from reported concentrations by no more than 20%.  

 These deviations allow us to estimate the degree to which measured concentrations of 

comet material in aerogel could be offset by a volatility effect due to the transparent character of  

aerogel matrix. In Figure 4.8, the red arrows indicate the calculated Fe to SiO2 ratios of 10 and 

100 µm diameter particles of CI chondrite composition uniformly distributed in ~500 µm of 

aerogel. The shaded box in Figure 4.8 shows the predicted offsets for Stardust samples, based on 

the matrix effect recorded for the standards: a 10 µm particle should have concentration offsets 

of < 20%, and concentrations in 100 µm particles should display no transparency-induced 

offsets. These limits to the matrix-dependent volatility effect are shown in Fig. 4.4 as the dark 

shaded bands drawn around the Tagish Lake bulk composition (red dashed line). It can be seen 

that the magnitude of volatile element enrichment, and that of refractory element depletion, are  
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Figure 4.8. Deviations from reported Ca concentrations for a range of silicate standards 
calibrated against basalt standards (data reported in Gaboardi and Humayun, 2009). Red arrows 
indicate the calculated Fe to SiO2 ratios of 10 and 100 µm diameter particles of CI chondrite 
composition embedded in aerogel, and allow for the estimation of predicted offset in LA-ICP-
MS measurements (shaded box). 
 
 
 
significantly larger than the transparency-induced volatility effects reported by Gaboardi and 

Humayun (2009). The lack of enrichment in Na provides further evidence against this 

interpretation, as the incomplete vaporization in the ICP-MS plasma has been shown to 

consistently cause an enrichment of Na (Gaboardi and Humayun, 2009). Accordingly, we 

explore the other potential explanation of the discrepancies. 

 The alternative possibility is that the laser shock waves size-sorted the particles by 

removing all but the very finest particles that became embedded in the porous aerogel surface, 

and that the finest particles do not represent the bulk composition of Tagish Lake. This is 

particularly convincing when the elements in Figure 4.4 are considered in light of their host 

material: the depleted Sc, Ti, Al, and Ca reside in the large refractory inclusions, and the most 

enriched P, Mn, Cu, Ge, and Zn, are hosted in the fine-grained matrix. Elements of 

approximately chondritic composition (Mg, Cr, Fe, Co, Ni, and Na) are hosted in chondrule 

fragments and metal.  Simon and Grossman (2003) reported the presence of many coarse  
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Figure 4.9. Chemical compositions of the ablated track in Figure 4.1, separated into an NKT-1G-
rich portion and a contaminated portion, as indicated in Figure 4.8. Each element is normalized 
to Mg concentration and divided by the USGS preliminary NKT-1G composition.  
 
 
 
particles enriched in refractory elements in Tagish Lake. They employed freeze-thaw 

disaggregation to break down the Tagish Lake matrix. They also identified numerous chondrule 

fragments. The Tagish Lake sample provided to us was largely in the form of dust.  

 Finally, we estimated the amount of Tagish lake powder incorporated in the aerogel from 

the Mg/Si and Fe/Si ratios as equivalent to about 20 ng of chondrite. This corresponds to the 

contents of a particle of about 25 µm diameter scattered along the entire length of the laser track 

(~600 µm), and distributed to a depth of ~500 µm.  

 NKT-1G analog. As described above, placing the Tagish Lake sample on the surface of 

the aerogel resulted in the loss of sample material and the recovery of non-representative bulk 

concentrations. To avoid this problem, and to more accurately model the material placement 

along Stardust tracks in aerogel, Andrew Westphal provided us a keystone of a particle track 

created by firing NKT-1G into the aerogel with a gas gun (Figure 4.1). Abundances of Mg, Al, 

Fe, and Cu, measured along this track by LA-ICP-MS, are shown in Figure 4.6. Al, Fe, and Cu 

display a remarkable increase near the particle entrance, located at the far right on the horizontal 
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axis. As the NKT-1G particle was propelled into the aerogel using a gas gun (Burchell et al., 

2006) Al, Fe, and Cu observed near the particle entrance point are likely gun laboratory 

contaminants and do not reflect the composition of the NKT-1G nor of the aerogel. With this 

profile we divided the track into a highly contaminated, Fe-rich component, at the particle 

entrance, and a high-Mg, lower-Fe component, between 250 and 400 µm, which appeared 

dominated by NKT-1G material. Chemical compositions of a series of elements are plotted in 

Figure 4.9 for these two compositional extremes. Each element, normalized to Mg concentration, 

is then divided by the reported NKT-1G composition, so that it is plotted as the deviation from 

NKT-1G. Only elements with concentrations above detection limits are shown. Even in the Mg- 

rich portion of the track, particles are contaminated with Cr, Cu and Zn, while Mg, Ca, Sc, Ti, 

and perhaps Al and Fe are in the right proportions for NKT-1G material. It should be noted that 

the NKT-1G concentrations used for comparison are preliminary values from the USGS. The Fe-

rich end of the track is highly contaminated with Al, Cr, Fe, Co, Cu, and Zn from contaminants 

fired into the aerogel at the JPL laboratory. Possible sources of contamination include aluminum 

foil, often used in sample handling, steel (Fe-Cr), and brass (Cu-Zn).  

 In addition to demonstrating our ability to recover the spatial distribution of elemental 

abundances along a track of material shot into aerogel, this measurement confirms the lack of 

volatility-dependent fractionation for materials in aerogel. Because refractory elements (Ca, Sc, 

and Ti) do not deviate from reported values, unlike in Tagish Lake, we find that elemental 

fractionation caused by incomplete vaporization of particles in the ICP-MS plasma is not a 

concern for LA-ICP-MS analysis of elemental abundances of comet analog material embedded 

in aerogel.  

 Further, the gas gun analogs prepared by firing Allende, Murchison, or NKT-1G, into 

aerogel add such a substantial amount of contamination that these analogs cannot serve the 

purpose of testing the accuracy of the LA-ICP-MS technique. The analogs do serve another 

purpose: determining the effect of thermal alteration or melting on the textures or compositions 

of hypervelocity particles captured by the aerogel. 

 Matrix-independent standardization of Stardust samples. In LA-ICP-MS analysis, 

measured intensities are converted to concentrations using ESRs, which require both internal 

standardization against an element of known (or knowable) concentration, and external 

calibration against a standard. Gaboardi and Humayun (2009) demonstrate that any non-
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transparent silicate standard will accurately calibrate measurements for any non-transparent 

silicate sample. Both Figure 4.8 and the lack of volatility-dependent fractionation in the NKT-1G 

track indicate that tracks in aerogel that contain a Fe-bearing material may be considered non-

transparent samples. Thus MPI-DING standards, a series of geologic glasses ranging from 

rhyolite to komatiite (Jochum et al., 2006), and GSX-1G standards, produced at the USGS, 

which have a high-iron basaltic matrix doped with a wide suite of elements (Guillong et al., 

2005; Jochum et al., 2005), should provide for accurate standardization of Stardust silicate 

material.  

 In addition to silicate material, however, Zolensky et al. (2006) report the presence of 

metals and sulfides in Stardust tracks. In order to explore the potential fractionation induced by 

calibrating a metal or sulfide against a silicate standard, we measured the compositions of SRM 

1263a Cr-V steel and Mass-1 pressed powder sulfide pellet, each calibrated against ESRs 

measured from ML3B-G basalt glass (Table 4.2, with ESRs from SRM 1263a and Mass-1, for 

comparison). NIST SRM 1263a is a Cr-V steel that contains a broad range of lithophile trace 

elements including Mg, Si, S, P, Zr, Nb, REE, Ta, and Hf, and was intended for use with bulk 

analytical techniques like XRF or glow discharge spectrometry. It is known to be heterogeneous 

for many minor elements at the micro-analytical scale. Mass-1 is a new, poly-metallic Fe-Cu-Zn-

sulfide standard prepared as a pressed powder pellet, with the powder derived from precipitation 

of sulfides and trace elements with H2S gas from a multi-element solution (Wilson et al., 2002). 

Current analytical information on Mass-1 is preliminary only (Wilson et al., 2002). Further,  

Mass-1 has not proved to be a stable material, undergoing deliquescent transformation in the lab, 

and in the laser ablation cell, making comparisons with bulk analysis challenging. Figure 4.10 

displays the deviations between measured and reported concentrations for the metal (black 

diamonds) and the sulfide (red circles). Each standard was measured in triplicate, with 1! error 

bars often smaller than the symbols, indicated in Figure 4.10. Elements are arranged according to 

condensation temperature (Lodders, 2003). Most elements deviate  < 20% from reported 

concentrations, with no relationship between deviation and volatility. Elements that deviate  
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Figure 4.10. Deviations of measured from reported concentrations for NIST steel standard SRM 
1263a and USGS sulfide standard Mass-1, calibrated against basalt glass ML3B-G. 
 
 
significantly more than 20% include Cr and Na in Mass-1 and P in SRM 1263a. The preliminary 

nature of the reported Mass-1 concentrations are more likely the cause for Cr (measured here 

consistently using both 52Cr and 53Cr) and Na discrepancies than are any known fractionation 

effect. Phosphorus is known to be heterogeneous in SRM1263a and, though we sampled an area 

> 1 mm2, we may have measured an abundant number of high P concentration.  

 Based on this analysis, matrix-independent LA-ICP-MS standardization between non-

transparent silicates, metals, and sulfides is accurate to within ~20% for refractory, major, and 

volatile elements. Standards for LA-ICP-MS analysis of Stardust can then be chosen based on 

the high, well-characterized concentration of elements to be measured in order to obtain the most 

accurate and precise ESR. For most elements, MPI-DING and GSX-1G glasses are ideal; for 

PGEs, metals such as the North Chile (Filomena) and Hoba iron meteorites are preferable for 

their high concentrations (Campbell and Humayun, 1999; Campbell et al., 2002). 

Standardization for chalcophile elements remains a problematic issue, and these include many of 

the moderately volatile elements (e.g., Se, S, Te, Cd, Ag, In, Tl, Bi) used in cosmochemical 

classifications of chondrites. A possible approach to standardization of these elements is 
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indicated by the study of Gaboardi and Humayun (2009), in which ESRs calculated from 

solution nebulization measurements might be usefully substituted for a sulfide standard. 

 

Conclusion 

 

 We have analyzed the elemental abundances and distributions of 48 elements in pre-flight 

aerogel, and find good agreement with previous bulk analysis (Tsou et al., 2003) for most 

elements, including Mg and Al and reproducibly high Sn and Pb concentrations. Localized, high-

concentration “hot spots” were observed for several elements, most prominently W. We obtained 

detection limits about 100-fold lower than that reported in bulk analysis of many elements (Tsou 

et al., 2003) and recovered abundances for the majority of the lanthanides (REE), and for Hf, Ta, 

Re, Au, Th and U.  Ruthenium, Os, Ir and Pt, which are useful in chondrite classification, were 

fortuitously at or below their < 0.5 ppb detection limits, which will facilitate future LA-ICP-MS 

measurement of these elements in Stardust material. From this analysis, we calculated the 

amount of material of chondritic composition necessary to overcome the aerogel blank and found 

that even a 20 µm diameter chondritic particle would suffice for most elements. For a 100 µm 

chondritic particle all elements, except for Sn, would be detected.  

 We tested the accuracy of LA-ICP-MS analysis of materials in aerogel by measuring the 

elemental abundances of (1) powders of Tagish Lake meteorite sprinkled onto the surface of 

aerogel and (2) NKT-1G injected into aerogel by hypervelocity impact. The volatility-dependent 

deviations of the measured concentrations from those reported for Tagish Lake (Brown et al., 

2000) can be explained by either (1) incomplete vaporization of large particles in the ICP-MS 

plasma or (2) laser-induced shock waves pulsing large, refractory-hosting grains off the aerogel, 

resulting in the selective measurement of fine-grained matrix, which is rich in volatiles. 

Although we cannot rule out some effect from the first scenario, the magnitude of this effect, 

based on the Fe concentration of chondrite material in aerogel, should not be greater than 20% 

for a particle of 10 µm diameter. Additionally, the track of NKT-1G, though contaminated in Al, 

Cr, Fe, Co, Cu, and Zn from pollutants fired into the aerogel at the JSC laboratory, did not 

display the signature depletion in volatile elements indicative of incomplete vaporization in the 

ICP-MS plasma. We conclude that the LA-ICP-MS analysis of materials embedded in aerogel 
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should not be hindered by the volatile-dependent incomplete vaporization effects reported by 

Gaboardi and Humayun (2009) for transparent materials.  

 In order to assure the accuracy of standardization of the wide range of cosmochemically 

interesting elements present in the silicate, sulfide, and metal, comet particles within tracks, we 

quantified the reliability of matrix-independent standardization.  By calibrating metal and sulfide 

standards against ESRs measured from a basalt glass, we demonstrate that measured 

concentrations were accurate, independent of standard matrix, to about 20%. Concentration 

offsets showed no observable relationship to element volatility. This demonstrates the viability 

of matrix-independent LA-ICP-MS standardization and paves the way for the analysis of 

Stardust material in aerogel.  
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CHAPTER 5  

 

CONCLUSIONS 

 

This dissertation employed geochemical analyses to investigate vegetative and 

environmental changes at a Pleistocene site of H. erectus occupation, as well as to examine the 

applicability of matrix-independent standardization of LA-ICP-MS for the analysis of NASA 

Stardust comet material. 

Herbivore teeth excavated from Pleistocene cave deposits at the Peking Man Site were 

analyzed for carbon and oxygen isotopic composition. "
13

C values measured at the onset of the 

Middle Pleistocene ranged from –2.3‰ to -13.0‰, indicating of a local habitat of mixed C3/C4 

vegetation. By approximately 470,000 yr ago, C3 plants dominated the diets of herbivores in this 

study, suggesting that the abundance of C4 vegetation had decreased in the area. For all deer 

analyzed, the values of "
13

C and "
18

O decreased substantially from about 720,000 to 470,000 yr 

ago, suggesting a possible strengthening of the winter monsoon during the Middle Pleistocene 

and subsequent shortening of the growing season for vegetation.  

 Matrix-independent LA-ICP-MS standardization was shown to be an applicable tool for 

all non-transparent silicate glasses at the approximate level of accuracy achievable given the 

reported uncertainties on the currently available standards. Transparent NIST SRM 61X series 

glasses, however, displayed volatility-dependent elemental fractionation, which intensified with 

glass transparency. We recorded as much as ~20% offsets between reported and measured 

element concentrations in our most transparent glass (SRM 614). Based on the offset measured 

for a given Fe to Si ratio in each of these silicate standards, we predicted that the Fe contained 

within a 10 µm diameter particle of chondrite material in aerogel should cause the Stardust 

material to ablate as a non-transparent material, with little to no volatility-dependent elemental 

fractionation. Additionally, in order to assure the accuracy of standardization of elements present 

in the silicate, sulfide, and metal comet particles within Stardust tracks, we further quantified the 

reliability of matrix-independent standardization.  By calibrating metal and sulfide standards 

against ESRs measured from a basalt glass, we demonstrated that measured concentrations were 

accurate, independent of standard matrix, to ~20%. Concentration offsets showed no observable 

relationship to element volatility. The LA-ICP-MS analysis of materials embedded in aerogel 
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should, therefore, not be hindered by volatility-dependent elemental fractionation, and any 

reliable standard may be used for calibration. 

 Finally, we analyzed the elemental abundances and distributions of 48 elements in pre-

flight aerogel, and found good agreement with previous bulk analysis (Tsou et al., 2003) for most 

elements, including Mg and Al at 2 ppm and reproducibly high Sn and Pb concentrations. We 

obtained detection limits about 100-fold lower than that reported in bulk analysis (Tsou et al., 

2003) and recovered abundances for many REE, Hf, Ta, Re, Au, Th and U.  Ruthenium, Os, Ir 

and Pt, which are fundamental to chondrite classification, were fortuitously at or below their < 

0.5 ppb detection limits, which will enable future LA-ICP-MS measurement of these elements in 

Stardust material. From this analysis, we calculated the amount of material of chondritic 

composition necessary to overcome the aerogel blank and found that even a 20 µm diameter 

particle would suffice for most elements. For a 100 µm particle all elements except for Sn would 

be detected. These analyses establish the utility of matrix-independent LA-ICP-MS 

standardization and pave the way for the analysis of Stardust material in aerogel.  
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