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The rate of change of EOF1 has a unimodal distribution with a long tail, indicative
of rapid melting. Terminations are defined to initiate when the rate of change in
EOF]1 first exceeds the two-standard-deviation level. This criterion identifies each of
the usual terminations'™!, and two events in the termination 3 deglacial sequence
(termed 3a and 3b for the younger and older events, respectively). Additional rules
could be added to exclude 3a or 3b, but this rejection seems ad hoe, and so we use
all eight termination events. Note, the timing of termination 3 predicted by the
Paillard model® also coincides with either event 3a or 3b, depending on slight changes
in the parameterizations. Reassuringly, results are not sensitive to details of the test:
either termination 3a or 3b can be excluded; termination times can be defined using
the midpoint between the local minimum and maximum bracketing each
termination; and individual benthic or planktic '%0 records'® can be used in place of
EOF1L.

The probability density function (PDF) associated with Hy is estimated using the
modified random-walk model (equation (1)). A realization of R is obtained by sampling
the phase of obliquity at eight consecutive termination initiations, generated from
equation (1), and the PDF of Ho is estimated by binning 10* such realizations of R. Other
methods are to assume a uniform phase distribution, use surrogate data techniques®, or to
derive statistics from ensemble runs of other models, but all of these give PDF estimates
which make Ho more easily rejected and are therefore not used.

To estimate the PDF associated with H,, we assume that glacial terminations always
oceur at the same phase of obliquity, but that the phase observations are subject to
identification and age-model error. A Monte Carlo technique is used where the timing
of the glacial terminations are perturbed according to the estimated age uncertainties"*
(these average * 9kyr) and identification error (+1 kyr, the EOF1 sampling
resolution). A realization of R is then computed using the phase of obliquity at the
perturbed ages, and 10* such realizations are binned to estimate the PDF of H,. We
estimate the likelihood of correctly rejecting Hp (that is, the power of the obliquity
test) to be 0.57. See the Supplementary Information for a listing of the other pertinent data
and statistics.
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Microbial expansion following faunal mass extinctions in Earth
history can be studied by petrographic examination of micro-
bialites (microbial crusts)'? or well-preserved organic-walled
microbes®. However, where preservation is poor, quantification
of microbial communities can be problematic. We have circum-
vented this problem by adopting a lipid biomarker-based
approach to evaluate microbial community changes across the
Permo/Triassic (P/Tr) boundary at Meishan in South China. We
present here a biomarker stratigraphic record showing episodic
microbial changes coupled with a high-resolution record of
invertebrate mass extinction. Variation in the microbial commu-
nity structure is characterized by the 2-methylhopane (2-MHP)
index (a ratio of the abundance of cyanobacterial biomarkers to
more general bacterial biomarkers). Two episodes of faunal mass
extinction were each preceded by minima in the 2-MHP index,
followed by strong maxima, likely reflecting microbial responses
to the catastrophic events that caused the extinction and initiated
ecosystem changes. Hence, both cyanobacterial biomarker and
invertebrate fossil records provide evidence for two episodes of
biotic crisis across the P/Tr boundary. :

In bacteria, bacteriohopanepolyols (BHPs) are amphiphilic bio-
chemicals that serve regulatory and rigidifying functions in cell
membranes. It has been demonstrated that the cyanobacterial
lineage currently comprises the only known quantitatively signifi-
cant source of 2-methyl-BHPs*, such that the presence of abun-
dant 2a-methylhopanes (2-MHPs) derived from 2-methyl-BHP
precursors is believed to be characteristic of cyanobacteria®. This
is particularly true for 2-methyl-BHPs containing more than 32
carbon atoms, which have not been detected in organisms other
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than cyanobacteria®. Thus, the 2-MHP index, which is the ratio of
2-MHPs to hopanes lacking additional methyl substituents (HPs,
derived from a range of bacteria, including cyanobacteria’), pro-
vides insight into the cyanobacterial component of the bacterial
population.

We have conducted a survey of microbial biomarkers in sedi-
mentary rocks spanning the P/Tr boundary (which is characterized
by the most severe biotic crisis of the Phanerozoic) and compared
these biomarkers to faunal extinction patterns. We targeted the
Meishan sections in South China for several reasons. First, they
contain well established, high-resolution faunal stratigraphic dis-
tributions that are well dated®, thereby allowing comparison of the
fossil biomarker record with macro- and micro-fossil records.
Second, they are the most extensively studied P/Tr boundary
sections anywhere in the world® and are where the Global Stratotype
Section and Point (GSSP) was recently defined®. Third, they are the
location at which the rapid nature of biotic crises has been
proposed®. Finally, they possess organic matter that is relatively
thermally immature, as indicated by Tp., values of 424-466°C
(temperature of maximum pyrolysis yield in Rock-Eval pyrolysis;
see Supplementary Table 1), making it possible to investigate
biomarkers.

2-MHP index {%6)

letters to nature

The 2-MHP indices were determined by gas chromatography/
mass spectrometry (GC/MS) of the saturated hydrocarbon fraction
of solvent extracts of the sedimentary rocks. 2-MHP indices range
from 1.2% to 6.6%, consistent with previously reported values for
the Paleozoic®. In general, values are between 2.0% and 3.3%, but
the record is characterized by two minima (with values of 1.2-1.7%)
atbed 24e (extending to the bottom of bed 25) and beds 27-28; each
of these is followed by a dramatic maximum (6.6%) at beds 26 and
29, respectively (Fig. 1). These maxima indicate at least two major
shifts in the cyanobacterial community, either through changes in
the cyanobacterial species composition (because not all cyanobac-
teria biosynthesize 2-methyl-BHPs) or an increase in the size of the
total cyanobacterial community. Although an alternative expla-
nation is that changes in the 2-MHP depth profile record varying
abundances of a less common 2-MHP producer, this is unlikely
because these episodes are also associated with enhanced relative
abundances of more diagnostic 2-MHPs with extended side chains,
including the C,, 22R and 225 isomers*'°,

Other than changes in cyanobacterial community structure, the
increase in 2-MHP indices could be caused by differences in either
thermal maturity or lithology/facies. The former is unlikely given
the narrow stratigraphic range, confirmed by the weak correlation
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Figure 1 Profiles of the lithology, 2-MHP indices, the ratio of 2-MHP to steranes
(2-MHP/STN) and the extinction probability of marine invertebrates across the P/Tr
boundary at the Meishan sections in Zhejiang, South China. The lithology of the studied
profiles near the P/Tr boundary includes lime mudstones (beds 23, 24), pale-coloured,
alternated ash clay beds (beds 25, 28, 31, 33), a laminated organic-rich calcareous
claystone (bed 26), a lime mud bed (bed 27), and grey organic-rich shales, pale marls or
muddy iimestone (beds 29, 30, 32, 34). The high-resolution 2-MHP indices are from
Meishan Section B and C (the error bars reflect the error: 2¢ of >3 measurements). The
ratio of 2-MHP to steranes is the abundance of C3y 2-MHP relative to Cp7~Cyg regular
steranes (with 1o less than the width of the triangular points) from section B (upright

NATURE | VOL 434 | 24 MARCH 2005 | www.nature.com/nature

triangles) and C (inverted triangles). The extinction probability of individual horizons was
calcutated (by dividing numbers of extinction species by the total number of species
excluding originating species) from previously reported high-resolution
species-occurrence records®. Mass extinctions ME1, 2 and 3 show the start horizons of
the three previously proposed extinction events'>#. ME1 is associated with the loss of the
latest Permian reef ecosystem in South China, which corresponds to bed 24e at Meishan.
ME2 is the disappearance of most benthos at beds 25-26, and ME3 is the disappearance
of the final Permian brachiopods at beds 28-29. Numerical data can be found in
Supplementary Tables 1 and 2.
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(r* = 0.04) between Tynqx values and 2-MHP indices through the
section (Fig. 2). Moreover, facies changes cannot explain the
observed variation; although proposed water-column deepenings
at beds 24e, 25 and 28 (refs. 11-13) do coincide with 2-MHP
minima, the maxima in 2-MHP indices are not associated with
lithological or facies variation. In fact, 2-MHP indices show no
significant correlation with total organic carbon (TOC) content
(r? = 0.06), and vary within individual beds (for example, beds 26
and 29; Fig. 2). Thus, the observed changes in 2-MHP indices
probably reflect changes in the bacterial community structure.
Because the 2-MHP index is a ratio, changes in values could reflect
either changes in cyanobacterial (2-MHP) or total bacterial (HP)
abundances. However, TOC-normalized abundances of 2-MHP and
the ratio of 2-MHP to steranes (biomarkers of eukaryotes, primarily
algae) have maxima coincident with those of the 2-MHP indices
(Fig. 1), indicating that changes in the cyanobacterial populations
underlie the observed trends.

In order to understand the relationship between microbial
change and faunal variation, we counted the numbers of faunal
species becoming extinct, together with the survivors and originat-
ing species at each horizon across the P/Tr boundary of the Meishan
sections (Fig. 1 and Supplementary Table 2). This allowed calcu-
Jation of extinction probability (by dividing the numbers of extinc-
tion species by the total numbers of species, excluding the
originating species, at a given level) for each stratigraphic horizon®.
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Figure 2 Plots showing the increase in 2-MHP indices (error bars, 2a) within individual
beds after the faunal mass extinctions 2 and 3, together with the T nay values (numbers on
right-hand side) indicating the maturity of the organic matter. Numerical data can be
found in Supplementary Tables 1 and 2.
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The record revealed two pulses of faunal extinction at beds 25
and 28-29 (Fig. 1 and Supplementary Table 2). It is likely that
these correspond, respectively, to the previously proposed mass
extinctions 2 and 3 documented in several sections in southern
China'2. This correlation between the reported multiple mass
extinctions and specific horizons at the Meishan sections has
previously been inferred®. Critically, the extinction probability
and the 2-MHP indices are stratigraphically coupled, with minima
in 2-MHP indices coinciding with, or slightly preceding, the times
of maximum extinction, while maxima in 2-MHP indices clearly lag
extinction.

Based on the above, it appears that faunal and microbial turnover
were closely related. This probably reflects: (i) distinct but coinci-
dental responses to external environmental forcings, for example,
nutrient fluctuations; (ii) changes in both microbial and faunal
populations, reflecting their ecological coupling (for example,
grazing pressure or space competition); or (iii) a combination
of the two. Moreover, the change in planktonic cyanobacterial
populations at Meishan appears to coincide with the expansion of
cyanobacterial benthos in a vast area of the eastern Tethys and
Panthalassa inferred from petrological investigation of micro-
bialites'. These authors proposed that benthic invertebrates limited
benthic cyanobacterial populations by co-opting space and grazing,
such that extinction of benthic invertebrates allowed the cyano-
bacteria to expand’?. However, the former mechanism probably
does not apply to the Meishan sections because photosynthetic
microbial mats are not expected in the shelf margin to deeper-water
slope facies (above bed 24e; refs 8, 14). Given this, the Meishan
2-MHP indices probably record changes in the planktonic
community, reflecting changes in nutrient status'® or grazing
pressures'®,

The size of phytoplankton populations, including cyanobacterial
members, can be suppressed by grazing'>™"’. Significantly, grazing
pressure in the wake of the P/Tr extinction could have been much
reduced in the photic zone, causing the expansion of cyanobacterial
populations. The end-Permian faunal extinctions have apparently
selected for planktotrophs'®'®, which are dominant in warm,
shallow, low-latitude waters and feed on phytoplankton'®; this has
previously been invoked as a mechanism for photoautotroph
population expansions at the P/Tr boundary'>". The association
of enhanced 2-MHP abundances relative to steranes with the two
episodes of faunal mass extinction (Fig. 1 and Supplementary
Table 1) suggests that reduced grazing might specifically favour
cyanobacterial expansion relative to planktonic algae.

The temporal lags in geological magnitude between faunal
extinction and maximum cyanobacterial expansion are longer
than the delays in population changes between predator and prey
in modern ecosystems®. However, previous workers have shown
that trophic relationships, including those between phyto- and
zooplankton, can develop over extended time periods in the wake
of an extinction event®'. For example, a lag between microzoo-
plankton and microphytoplankton diversity changes, linked
through trophic relationships, was recently identified in Middle
Ordovician strata?’; likewise, a proliferation of acritarchs occurs
1-2 m above the P/Tr faunal mass extinction in strata from Tesero,
Italy®®. Our P/Tr record is also similar to the photoautotroph
response to the Cretaceous/Tertiary (K/T) extinction event,
which apparently resulted in temporarily low marine productivity
followed by enhanced productivity a few hundred thousand years
later®'. :

Although a decrease in grazing pressure is a likely explanation for
the cyanobacterial expansion observed here, a contribution from
changes in nutrient dynamics cannot be excluded. Cyanobacterial
proliferation has been observed in response to enhanced nutrient
inputs in modern aquatic environments®. Elevated nutrient levels
in the end-Permian seas and oceans could have been caused by
intense weathering throughout Pangea, as documented by end-
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Permian pedoliths® and changed geomorphology as a result of
rooted vegetation loss®,

Regardless of the detailed mechanisms, the striking aspect of the
Meishan 2-MHP profile is the presence of two distinct maxima
within the investigated intervals. The pattern and cause of the
marine mass extinction near the P/Tr boundary are still
debated®'>*"?%, in part because only faunal (and a small amount
of calcareous algae) records of biotic change have been developed. A
stepwise, multi-phase biotic extinction proposed by others on the
basis of several southern China sections'*?’, has recently been
challenged by a proposal of a main, sudden biotic crisis at beds
25-26 (ref. 28). However, the change in the 2-MHP index we report
is equally dramatic (from minima to maxima) at both beds 25-26
and 28-29, such that a two-phase biotic crisis is supported not only
by faunal extinctions, the interpretation of which has been the
subject of debate, but also by substantial changes in the microbial
community. The large changes in cyanobacterial population abun-
dances revealed by the 2-MHP record, coupled with faunal mass
extinction, probably indicate a stepwise and major environmental
perturbation. Our study provides a window into the ecological
restructuring, possibly at the base of the food chain, that occurred
during this major faunal mass extinction. a0

Methods

The solvents (HPLC grade) used were distilled twice. Tools used to prepare rock samples
were rinsed with methanol and dichloromethane. Glassware was cleaned with detergent
(Micro), rinsed with distilled water and annealed at 450 °C for 12 h. Aluminium foils were
combusted at 450 °C for 12 h. Samples were processed in batches of six, including one
procedural blank to monitor laboratory contamination.

The samples for lipid analysis were taken from section B and C at Meishan®, 0.5-1.5m
back from the exposed cliff. The air-dried samples were ground to <80 mesh and
100-300 g Soxhlet-extracted with chloroform for 72 h with native copper added to remove
sulphur. The extract was concentrated on a rotary evaporator under reduced pressure and
transferred to a small vial. After evaporation of the remaining solvent, the total extractable
lipid was weighed. The asphaltenes in the extracts were eliminated by precipitation in
petroleumn ether. The saturated hydrocarbons, aromatics and non-hydrocarbons were
fractionated by column chromatography (silica gel 60), using sequential elution with
petroleum ether, benzene and ethanol.

The saturated hydrocarbons were then analysed by GC/MS using a Hewlett-Packard
5973A MS, interfaced directly with a 6890 GC equipped with a HP-5MS fused silica
capillary column (30 m X 0.25 mm inner diameter; 0.25 pm film thickness). The operating
conditions were as follows: temperature ramped from 70 to 280 °C at 3°C min ™' and held
at 280°C for 20 min with He as the carrier gas; the ionization energy of the mass
spectrometer was set at 70 ¢V; the scan range was m/z 50-550, 2-MHP indices were
calculated from the peak area of the compounds in mass chromatograms of m/z 191 (Csg)
for a-hopane and m/z 205 (Cj,) for its 2a-methyl analogue (similar profiles are
generated if 2-MHP indices are calculated using higher molecular mass 2-MHPs and
HPs). These are expressed as the 2-MHP index = (205/191) X 100. Sterane abundances
used to calculate 2-MHP/sterane ratios were measured from the peak areas of the m/z 217
mass chromatograms. 2-MHPs were not detected in the procedural blanks using GC/MS
analysis.
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Macroscelideans (elephant shrews or sengis) are small-bodied
(25-540 g), cursorial (running) and saltatorial (jumping), insect-
ivorous and omnivorous' placental mammals represented by at
least 15 extant African species classified in four genera®. Macro-
scelidea is one of several morphologically diverse but predomi-
nantly African placental orders classified in the superorder
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We have developed a method for direct determination of arsenic in geological samples using ICP-MS by
reduction of interferences, without preconcentration, separation and use of the hydride generation technique.
Concentrations of HNO; have a significant effect on the arsenic signal. This type of interference cannot be

DOt: 10.1039/b507200j

corrected by internal standards (Rh and In) because the signal suppression due to HNOj is apparently
dependent on the first ionization potential of elements. Addition of 4% (v/v) ethanol to 1-10% (v/v) HNOs
was found to be an excellent method for reducing this t%'pe of matrix effect from 30-40% to less than 5% for
high first ionization potential elements 5As (9.81 V), 328e (9.75 eV), and 126Te (9.01 eV). Direct
determination of arsenic in geological samples by ICP-MS is often complicated by the presence of Nd**,
Sm2*and Eu* interferences, in addition to the well known interference of ArCl*, and the high first
ionization potential of As (9.81 eV) also results in relatively low analytical sensitivity in ICP-MS. It is shown
that both problems can be overcome by a combination of a 4% ethano! matrix modifier with nebulizer gas
flow rate adjustment. For example, the interference from doubly charged ions of a rare earth element (Ce*™)
is reduced by a factor of 30 with the addition of 4% ethanol at a nebulizer gas flow rate of 1.00 1 min~! and
tf power of 1350 W, while the signal intensity of As is similar in both solutions. A nebulizer gas flow rate of
0.94 | min~!, an rf power of 1350 W and 4% ethanol modifier were chosen in practical sample analysis.

Under these conditions, the interference of doubly charged ions o

f the rare earth element (Ce?*) was reduced

by a factor of 6.5 and the signal intensity of As was improved by a factor of 3 relative to that in 3% v/v)
HNO; solution at the corresponding optimum nebulizer gas flow rate of 0.98 1 min~"! and rf power of 1350
W. The arsenic equivalent concentration caused by ArCl™ interference was reduced by a factor of 10 under
our given experimental conditions in the presence of 4% (v/v) ethanol. The developed method was applied to
the direct determination of arsenic in a series of international geological reference materials. Most of the
results were found to be in reasonable agreement with the reported values in the literature, particularly for
those having recommended values. This simple method shows a great potential for the direct determination

of arsenic in geological and environmental samples.

Introduction

Although ICP-MS has been widely applied for the direct deter-
mination of multi-elements in geological samples,'"3 very few
publications have been devoted to the direct determination of
arsenic in geological samples by ICP-MS. As with many other
spectrometric techniques, ICP-MS is subject to both spectral and
non-spectral interferences. In most cases, spectral interferences
can be avoided by choosing alternative isotopes, since most
elements in the Periodic Table have several isotopes. This
method, however, cannot be applied to the analysis of mono-
isotopic elements like As (74.92 amu). In atomic spectroscopy,
the hydride generation technique has been routinely coupled for
the determination of As, because spectral interferences are mini-
mized and detection limits are improved by this approach.*!*
However, the generation of AsHj is normally carried out in the
presence of a high concentration of HCI, which may interfere
with the determination of As by ICP-MS because of the
formation of ArCl*. HNO; has been used to avoid the ArCl*™
interference.’ Unfortunately, HNO; oxidizes As(ir) to As(v),

This journal is © The Royal Society of Chemistry 2005 [ 1 Anal At spectrom.,

leading to a lower efficiency of the hydride generation pro-
cess.!®!! Special membrane separators are needed to minimizc
the transportation of chloride to the plasma.lz Owing to the
complicated matrix composition of geological samples, separa-
tion of As from the well documented liquid phase interferents
(e.g.. Cu, Ni, Co) is also required before undertaking HG
measurements. This has been done routinely by addition of
masking agents'®!! or co-precipitation with La(OH),."* High
blank levels, long memory effects and plasma instability are
other problems in HG measurement.®'* High resolution mag-
netic sector field ICP-MS can be used to separate Nd>*, Eu®?,
Sm2* and ArCl* interferences from arsenic (a resolution of
M/AM = 8000 is required). Although the overall sensitivity
of magnetic sector ICP-MS in the low-resolution mode of
M/AM = 300 is at least 10 times higher than for quadrupole
instruments, the sensitivity at M/AM = 7800 yields an intensity
of only 0.5-2% compared with M/AM = 300.'* Electrothermal
vaporization is another possibility,'é‘l7 but the complexity of
the procedure may have prevented the method from being
widely used.
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The upper, middle and lower crust abundances of arsenic
are estimated to be 4.8, 2.4 and 0.2 ug g !, respectively,'® which
suggest that the As content in most geological samples
should be high enough to be directly determined by ICP-MS.
However, the direct determination of arsenic in geological
samples by ICP-MS is hampered by interferences from Nd?*,
Sm>* and Eu* in addition to the well known interference of
ArCl*. Precise results are difficult to obtain, especially for
those samples with high rare earth elements and Cl content
and lower arsenic concentration.'® It has been well documen-
ted that the addition of organic solvent can significantly
improve the sensitivity of As* and suppress the interference
of ArCl* in ICP-MS.?*? We have entered into detailed
discussion about the volatile organic solvent induced signal
enhancement effects in ICP-MS.?° The introduction of organic
solvent into ICP-MS may produce carbon deposits on the
interface, ionic lenses and torch and fluctuation of the plasma
due to the high energy necessary to dissociate organic mole-
cules.?® In this study we adopt a microconcentric nebulizer,
which greatly reduces the organic solvent load on the plasma,
with the consequence of negligible carbon deposits on the
sampling cone after one-hour of continuous aspiration of 4%
(v/v) ethanol.

The closed, pressurized digestion system has been widely
used to decompose geological samples for multi-element de-
terminations such as rare earth elements and high field
strength elements.’®! Digestions performed in such devices
benefit from synergic effects of temperature and pressure. This
technique is generally much more efficient than conventional
wet digestions in open systems: the loss of volatile elements is
prevented, the use of reagent is reduced and the decomposition
of insoluble minerals is more efficient. For studies involving the
analysis of a large number of samples (e.g., estimation of
crustal compositions, geochemical exploration and soil
composition surveys), it was clear that time-consuming sample
preparation techniques like on- or off-line matrix separation
methods are not suitable.’?>** As many elements as possible
need to be determined in a single sample solution for reasons
of low analytical cost and high sample throughput. In
this study, the closed, pressurized digestion method used for
multi-elements determinations is tested for the determination
of arsenic.

Our objective in this study is to develop a simple, precise
method for the direct determination of As in geological
samples by quadrupole ICP-MS. Research was focused on
the reduction of doubly charged ions and ArCl™ interferences,
and the improvement of arsenic signal intensity by the addition
of ethanol or Triton X-100 solution. The reductions of nitric
acid concentration on the responses of high first ionization
potential elements (As, Se, Te and Sb) and internal standards
(In and Rh) were also investigated. The developed method was
validated by analyzing a series of international rock standard
reference materials.

Experimental

Instrumentation

A PerkinElmer SCIEX ELAN 6100DRC (dynamic reaction
cell) ICP-MS instrument was used with the outer and inter-
mediate ICP gas flow rates fixed at 13.2 and 1.2 1 min~!,
respectively. A glass microconcentric nebulizer (MCN) and a
cyclonic spray chamber comprised the sample introduction
system. The typical sample uptake rate was 0.20 ml min~' by
self uptake. The nebulizer gas flow rate and rf power were
variable and will be described where appropriate. The auto lens
voltages were set by optimizing 2 solution of 10 ng ml~! Mg,
Co, As, Rh, Ce, Pb and U. For data acquisition, peak hopping
was used with a dwell time of 1 s. There were three sweeps per
reading and one reading per replicate.
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Reagents

All reagents used were of analytical grade. Ultra-pure water
with a resistivity of 18.0 MQ cm™! was obtained from a Milli-Q
water purification system (Millipore, USA). Ultra-pure nitric
acids were prepared by sub-boiling distillation in a commer-
cially available quartz still, while hydrofluoric acid and ethanol
were doubly distilled in a home-made sub-boiling distillation
device. Hydrofluoric acid was found to contain a high As
content (about 200 ng ml™'), which made precise analysis
impossible. The conventional sub-boiling purification proce-
dure is not effective in the reduction of As impurity in HF. This
could be related to the presence of volatile As species like AsF;
(boiling point 63 °C). To remove this volatile As species, a
boiling procedure for hydrofluoric acid was adopted before
using the conventional sub-boiling purification procedure. The
concentration of As in our finally used hydrofluoric acid was
about 1 ng ml~'. Muiti-element mixed stock solution was
prepared from 1.0 mg ml~! of single element standard solu-
tions (National Center for Analysis and Testing of Steel
Materials, China). Unless otherwise indicated, all the ethanol
and Triton X-100 solutions mentioned below contain 3% (v/v)
HNO;.

Geological reference samples

To investigate the accuracy and precision of the proposed
method, a series of international geological reference materials
were analyzed. These rocks cover the whole compositional
spectrum of igneous rock, ranging from ultramafic (peridotite
JP-1; dunite DTS-1) to mafic (basalts GSR-3, JB-3, BHVO-1,
BIR-1; dolerite DNC-1; diabase W-2) to intermediate (ande-
sites GSR-2, JA-3, AGV-1; granodiorite JG-3) and finally to
acidic (granites GSR-1, G-2; rhyolite RGM-1). They also
include the most common sedimentary rocks of sandstone
(GSR-4), shale (GSR-5) and limestone (GSR-6).

Sample decomposition procedure

Fifty milligrams of sample powder of less than 200 mesh were
placed in a home-made PTFE-lined stainless steel bomb to
which were added 1.00 ml of HNO; and 1.00 ml of HF. The
sealed bomb was then placed in an electric oven and heated to
190 °C for 48 h. After cooling, the bomb was opened and
placed on a hot plate (at 120 °C), and evaporated to incipient
dryness on the hot-plate (but not baked). 1.00 ml of HNO; was
added, evaporated to dryness and followed by a second addi-
tion of HNO; and evaporation to dryness. The residue was
then dissolved by adding 1.50 ml! of HNO; and 2.50 ml of
ultra-pure water. Next the bomb was capped and left on the
hot-plate overnight. The final solution was made up to 50 ml
by addition of ultra-pure water and 0.50 ml of 1 mg 1~' Rh
internal standard solution. This sample decomposition method
has been routinely used for analysis of multi-elements in
geological samples in our laboratory. For the As determina-
tion, 4.80 ml each of these solutions were taken and 0.20 ml of
ethanol solvent added. A reagent blank solution was prepared
in the same way.

Results and discussion
Suppression of the nitric acid matrix effect

In inductively coupled plasma optical emission spectrometry
(ICP-OES), acid matrix effects are known to cause signal
suppression with increased acid concentrations.>* A compar-
ison of acid matrix effects by Pickford and Brown>® indicated
that they are more severe in ICP-MS than in ICP-OES. There
are many methods to compensate for acid matrix effects, such
as matrix matching,*® internal standardization,’ isotope dilu-
tion®® and standard addition.®® However, few studies have



