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Abstract

We present a double-spike isotope dilution MC-ICP-MS technique for the determination of germanium (Ge) isotope fractionation.
Using this technique we determined Ge isotope compositions of geothermal spring fluids, a Columbia River Basalt sample, and an in-
house diatom standard. Our technique uses a 73Ge/70Ge double spike in combination with hydride generation for Ge extraction from the
sample matrix. Fractionation is determined on the 74Ge/72Ge mass ratio. The double spike allows us to effectively correct analytical iso-
tope fractionation. Our external standard reproducibility is 0.4& (2 SD) over the course of several months. The minimum quantity of Ge
needed for isotope analysis is approximately 2 ng. Consistent with previous work on geothermal fluids, Ge in the geothermal spring sam-
ples presented here is enriched over Si as compared to low temperature weathering signatures. This observation is typically interpreted as
Ge exclusion during silicate mineral precipitation (e.g., quartz). Our isotope results indicate that the analyzed high temperature fluids
fractionate Ge isotopes with a range in d74Ge between �0.4& and �1.4& relative to a Columbia River basalt. We cautiously interpret
the observed fractionation as preferential removal of heavy Ge isotopes out of solution during cooling of the hydrothermal fluid and
subsequent precipitation of quartz.
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

As iterated by numerous authors, Ge and Si have similar
chemistries in the natural environment (Goldschmidt,
1926, 1958; Froelich and Andreae, 1981; Froelich et al.,
1985a,b). As with Si, the typical coordination for inorganic
bound Ge is tetrahedral and both dissolved species (silicic
and germanic acids) can be present as a tetravalent hydrox-
ide complex (Bernstein, 1985; Pokrovski and Schott, 1998).
Therefore, in combination with their similar ionic and
covalent radii, it is not surprising that substitution of Ge
for Si in mineral phases is common (e.g., Bernstein, 1985;
Pokrovski and Schott, 1998).

The close coupling between dissolved germanic and silic-
ic acids throughout the global ocean has been well docu-
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mented (Froelich and Andreae, 1981; Froelich et al.,
1985a,b, 1989; Mortlock and Froelich, 1987). This cou-
pling is demonstrated by their close correlation within the
ocean’s water column, which exhibits a dissolved Ge:Si ra-
tio of �0.7 lmol Ge per mol Si. Despite the apparent simi-
larity in their oceanic behaviors, Ge and Si exhibit marked
differences in their oceanic sources and sinks. Rivers supply
most of the silica to the modern ocean (5.6 ·
1012 mol Si y�1) with minor contributions from aeolian
sources, hydrothermal input, and low-temperature basalt
weathering, with these minor sources totaling
�1.4 · 1012 mol Si y�1 (Treguer et al., 1995; DeMaster,
2002; Wheat and McManus, 2005). The output term for
Si is marine biogenic sediments (primarily as diatoms,
sponges, and radiolaria) and totals 6.5–7.4 ·
1012 mol Si y�1 (Treguer et al., 1995; DeMaster, 2002).
The residence time of Si in the oceans is thought to be less
than 20 kyr (e.g., Hammond et al., 2004). In contrast to sil-
ica, germanium has two primary sources: rivers, which
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contribute 3.3 · 106 mol Ge y�1, and hydrothermal inputs,
which contribute 4.9 to 7.1 · 106 mol Ge y�1 (Mortlock
et al., 1993; Elderfield and Schultz, 1996; Wheat and McM-
anus, 2005). Aeolian inputs and low-temperature basalt
weathering reactions each contribute 0 to 0.4 ·
106 mol Ge y�1 to the ocean budget (Mortlock et al.,
1993; Elderfield and Schultz, 1996; King et al., 2000).
The global ocean sink terms for Ge are biogenic opal,
which accounts for �4.8 · 106 mol Ge y�1, or nearly half
of the Ge oceanic input with the balance (�5.4 ·
106 mol Ge y�1) being burial within a non-opaline phase
that forms in iron-rich reducing sedimentary environments
(Hammond et al., 2000; King et al., 2000; McManus et al.,
2003; Wheat and McManus, 2005). The residence time of
inorganic Ge in the oceans is <10 kyr (e.g., Hammond
et al., 2004).

The differences in the relative importance of the source
terms for Ge and Si, combined with the fact that siliceous
microfossils may record the water column Ge:Si ratio, has
led to the proposal that the Ge:Si ratio recorded in diatoms
could serve as a monitor for the relative importance of
these two sources through time (e.g., Froelich and An-
dreae, 1981; Shemesh et al., 1989; Mortlock et al., 1993).
The prerequisite for this application as a paleoproxy is that
the two elements have sinks that do not discriminate be-
tween them, and that biological discrimination between
Ge and Si is negligible in the whole ocean. However, the
fact that there appears to be a large non-opal sink for Ge
(Hammond et al., 2000; King et al., 2000; McManus
et al., 2003) coupled with evidence suggesting that there
might be at least some biological discrimination between
these two constituents (Rubin et al., 2002; Ellwood and
Maher, 2003) complicates the interpretation of variations
in the oceanic Ge:Si ratio. Our work is motivated by the
possibility that Ge isotopes might provide an additional
constraint for the Ge cycle that would permit the relative
rates of weathering and hydrothermal inputs to be deduced
provided that Ge isotopes show distinctive isotope frac-
tionation during a number of the above processes. Toward
this end, the goal of this study is twofold: (1) describe a
technique for the analysis of Ge isotopes at low sample
concentrations and (2) to further establish that Ge isotope
fractionation exists in nature. For the present work we
examine the Ge isotope composition of high temperature
springs located in the Cascade Range of the U.S. Pacific
Northwest. With these data we discuss the potential for iso-
tope fractionation under high-temperature conditions, with
the caveat that there are difficulties in extrapolating terres-
trial systems to the marine environment.

1.1. Ge in high temperature systems

Ge is enriched in both oceanic and terrestrial high-tem-
perature fluids relative to ocean and river waters
(e.g., Arnorsson, 1984; Froelich et al., 1985a,b; Criaud
and Fouillac, 1986; Mortlock et al., 1993; Evans and
Derry, 2002). Concentrations in marine hydrothermal
waters are generally in the range of 1–10 nmol kg�1 in con-
trast to river or ocean waters, which contain approximately
0.1–200 pmol Ge kg�1. High-T marine hydrothermal fluid
Ge:Si ratios vary between 1 and 45 lmol mol�1 with a
global mean estimated to be �10 lmol mol�1 (Mortlock
et al., 1993). In contrast to marine high temperature sys-
tems, continental Ge:Si ratios vary considerably from 2
to 1000 lmol mol�1 (Arnorsson, 1984; Criaud and Fouil-
lac, 1986; Mortlock and Froelich, 1987; Evans and Derry,
2002; Wheat and McManus, 2005). Modeling suggests that
quartz solubility is one control on the Ge:Si ratio in high
temperature fluids and that Ge lattice substitution plays
an important role (e.g., Evans and Derry, 2002, also see
Arnorsson, 1984 and Mortlock et al., 1993). Accordingly
data from the Himalaya show some relationship between
Si concentrations and Ge:Si ratios (Evans and Derry,
2002). However, any relationship between Ge:Si and
another dissolved component or temperature is likely to
be influenced by multiple factors. Because of these multiple
influences simple relationships are not apparent in the data
(e.g., Evans and Derry, 2002). Some of the other processes
that may influence the fluid Ge:Si ratio include the precip-
itation of sulfides and non-equilibrium behavior (e.g.,
Evans and Derry, 2002). Given the lack of published Ge
isotope analysis and theoretical predictions for Ge isotope
fractionation, it is at this time difficult to predict how, or if,
these various processes may fractionate Ge isotopes.

2. Study sites: Geothermal systems in the cascades, Oregon

Cascade Range volcanism is related to the subduction of
the Juan de Fuca Plate, and the subduction system has
probably been active since the Eocene (45 Ma) (e.g., Sher-
rod and Smith, 1989). Volcanism decreased in most of the
Cascade System at �17 Ma, but the Oregon Cascade
Range has been active for the last 14 Ma (e.g., Sherrod
and Smith, 1989). The Cascade Range of central Oregon
has a relatively high geothermal potential with one clear
expression of this potential being hot spring discharge
(e.g., Sherrod and Smith, 1989; Mariner et al., 1990). The
source of most of the ground water discharged in these
hot springs is the High Cascades (Ingebritsen et al.,
1994). Topographically controlled groundwater delivery
feeds most of the Western Cascades, where the investigated
hot springs discharge at a similar elevation (e.g., Ingebrit-
sen et al., 1994). Approximate temperatures and fluid com-
position data for the hot springs investigated here are
summarized in Table 1, and an extensive literature exists
for these springs as noted.

3. Double spike Ge isotope analyses: Principles,

experimental design, and calibration

3.1. Analytical challenges

Germanium has five stable isotopes (76 (7.44%), 74
(35.94%), 73 (7.73%), 72 (27.66%) and 70 (21.23%)) of



Table 1
Location and previously published background data for the analyzed hot springs, Cascade Range, Oregon

McCrediea Paulina Lakea East Lakea Bigelowb Belknapb Terwilligerb Kahneetab

All concentrations in mg/l

Longitude 122 17.2W 121 15W 121 11.9W 122 03.30W 122 02.54W 122 14.00W 121 12.00W
Latitude 43 42.2N 43 43.6N 43 43.2N 44 14.21N 44 11.39N 44 04.57N 44 51.42N
Elevation (m) 561 493 530 440
Temp. sampling (�C) 74 52 57 59 73 46 83
Temp. max. (�C) 155 152 135 137

pH 7.3 7.3 6.1 7.8 7.6 8.5 8.1

Na 1000 110 56 675 660 405 325
K 21 13 9.7 15 15 6.1 11

Mg 1 42 33 0.53 0.34 0.07 0.05
Ca 485 50 73 195 210 215 13

Cl 2150 5 1 1250 1200 790 155
SO4 235 2 120 140 150 240 31

HCO3 23 689 413 22 20 21 603
Si (SiO2) 72 184 197 73 91 47 78
d18O �12.3 �14.3c �15.1c �11.8 �11.8 �12.2 �14.8

a Mariner et al. (1990).
b Ingebritsen et al. (1994).
c Carothers et al. (1987).

3988 C. Siebert et al. 70 (2006) 3986–3995
which four can be used for isotope analysis (see below).
Various efforts to measure the Ge isotope composition of
terrestrial and meteoritic samples by Thermal Ionization
Mass Spectrometry (TIMS) showed limited success with
uncertainties of up to 3& (e.g., Green et al., 1986; Richter
et al., 1999). This uncertainty is high considering the antic-
ipated small range of terrestrial Ge isotope fractionation in
nature. In addition, relatively high amounts of Ge are
needed for these measurements. Hirata (1997) showed that
Ge isotope measurements with MC-ICP-MS had a poten-
tial to increase the precision to <0.3&. Galy et al. (2003)
presented measurements of Ge standard solutions using a
desolvating nebulizer system and MC-ICP-MS with an
external standard reproducibility that is less than 0.2&.
However, 0.2 lg Ge is required for these measurements,
which is a relatively large quantity given that Ge in fluids
is a trace constituent having concentrations that are typi-
cally five to six orders of magnitude lower than silicon.

3.2. Double spike design and calibration

For our approach, we use a 73Ge/70Ge double spike to
correct for analytical mass fractionation of Ge isotopes
and to determine the natural mass dependent fractionation
in our sample. This approach has been successfully applied
for other heavy stable isotope systems (Ca, Russell et al.,
1978; Hippler et al., 2003, Fe, Johnson and Beard, 1999,
(TIMS); Mo, Siebert et al., 2001; Fe, Dideriksen et al.,
Table 2
Results of standard and spike ratio calibrations

74Ge/70Ge 2 SD 73Ge/70G

Standard 1.770 2.8 · 10�4 0.3752
Spike 0.0295 2.2 · 10�5 0.998
2006; Zn, Bermin et al., 2006, (MC-ICP-MS)) and allows
us to correct for mass bias induced during sample prepara-
tion or sample introduction. Ge masses 73 and 70 were cho-
sen as spike isotopes, because potential isobaric and
molecular interferences can be accounted for and their rel-
ative abundances are lower than the measured natural ratio.
The Ge isotopes used for spike production were fused from
Ge oxide. The composition of the spike was adjusted to a
ratio of 1:1 for the spike isotopes 73Ge and 70Ge (the natural
ratio is �0.38; Table 2), which showed the best mass bias
correction performance. Other compositions were tested
and the iteration used to determine the instrumental mass
bias (e.g., Siebert et al., 2001) did not converge on a single
solution resulting in high internal errors during measure-
ments. The sample ratio analyzed and presented in this
study is 74Ge/72Ge. This ratio has a mass difference between
the numerator and denominator that is as close as possible
to the spike ratio given the distribution of Ge isotopes.
Optimizing these ratios allows for more accurate instrumen-
tal mass fractionation correction (e.g., Siebert et al., 2001;
Vance and Thirlwall, 2002). For analysis we employ a hy-
dride generation system, which converts germanic acid to
GeH4 (e.g., Mortlock and Froelich, 1996, also see Ham-
mond et al., 2000 and references therein).

The double spike composition is calibrated relative to a
GFS Chemicals, Inc., 1000 ppm Ge ICP standard solution,
Lot. Number: L610965. The method for double spike and
standard calibration was adopted from Siebert et al. (2001).
e 2 SD 72Ge/70Ge 2 SD

2.9 · 10�5 1.333 1.4 · 10�4

4.2 · 10�4 0.0278 2.8 · 10�5



Ge isotope measurements by double spike hydride generation 3989
Ge standard and spike solutions were doped with Ga.
The 73Ge/70Ge ratio of the spike was then measured and
the instrumental mass fractionation was corrected using
the 71Ga/69Ga ratio of 0.663 (Parrington et al., 1996).
The same was done for the Ge standard solution. Uncer-
tainties of this ‘‘element doping’’ procedure were kept to
a minimum by measuring both standard and spike solu-
tions within the same run parameters during the same
day. In addition, and in contrast to sample measurements,
no matrix effects are to be expected while measuring pure
Ge and Ga solutions. Provided that possible differences
in the fractionation behavior of Ga and Ge are constant,
the Ge ratios are calibrated relative to each other, which
is sufficient for our purposes. The 73Ge/70Ge ratio of the
spike defined in this way is operationally dependent on
the 71Ga/69Ga ratio used. Measuring the pure Ge solutions
and correcting the ratios for instrumental mass bias with
the 73Ge/70Ge ratios of the respective solution obtained
in the prior step then define all other Ge isotope ratios of
the spike and standard solutions. By using this approach
all Ge ratios in the spike as well as in the standard used
are calibrated relative to each other. To keep mass fraction-
ation and memory effects during spike and standard cali-
bration to a minimum, all calibration measurements were
performed using a wet nebulizing introduction system
(Micromist low uptake nebulizer (200 ll) and a water
cooled cyclonic spray chamber, Glass Expansion, Camber-
well, Victoria, Australia). Note that the Ga element doping
approach is only used for the initial spike and standard
calibration. All subsequent sample measurements are
performed using these calibrated ratios.

Various spike and standard mixtures were then mea-
sured to test the accuracy of the calibration and the data
reduction mathematics. It was found that the spike to sam-
ple ratio required for mass fraction correction induced by
the hydride generator and mass spectrometer is fairly
robust between a ratio of 2 and 6 (Fig. 1), and we chose
a spike to sample (in this case 70Ge/72Ge) ratio of approx-
Fig. 1. Measured d74/72Ge plotted as a function of the 72Ge/70Ge ratio of
spiked standards (i.e., an expression of the spike to sample ratio). The
72Ge/70Ge ratio of spiked standard measurements was in general kept at 3
(shown as an open square) representing �60 measurements. The uncer-
tainty given for that value represents the maximum uncertainty for all the
measurements made (mean of that value is 0.1&). Spiked standards with
72Ge/70Ge ratios between 2 and 7 can be reproduced within the overall
standard reproducibility of 0.4& underpinning the robustness of the mass
fractionation correction.
imately 3–4. Ge concentrations for each sample were deter-
mined using a quadrupole ICP-MS prior to sample spiking.
For all measurements the spike to sample ratio of spiked
standards and samples was kept similar as well as the
approximate concentration of the solutions to ensure max-
imum accuracy of the mass spectrometer mass bias correc-
tion. Each sample was analyzed in triplicate using the
double spike technique. In addition, a spiked standard
was measured before and after every sample run.

Our results are presented in the delta notation relative to
the calibrated standard. Using the data reduction tech-
nique described in Siebert et al. (2001), a delta value for
every single measurement is calculated and the statistics
are done on these values. Therefore no extra error propaga-
tion is necessary. The standard solution employed here
contains Ge as a salt ((NH4)2GeF6 in H2O), and although
we do not expect there to be substantial isotope fraction-
ation during production, we are aware that the isotope
composition of artificial standards can be fractionated
from natural compositions during enrichment. At this
point in time there is no commonly agreed upon standard
for Ge isotopes. Therefore, in addition to the standard
solution measured during analyses, we analyzed a number
of aliquots from an in-house Columbia River Basalt stan-
dard (OSU BCR-3), and an in-house diatom standard.
Both of these standards are 0.6& lighter than our standard
solution (Fig. 2 and discussed below).

3.3. Isobaric interferences

Potential isobaric interferences result from 76,74Se and
70Zn. We anticipated that Se would be significantly more
problematic than Zn. Zn hydride extraction occurs in an
acidic media (Smichowski et al., 2003), whereas the Ge
extraction occurs in a near neutral solution. Based on this
reasoning and our anticipation that a Zn interference
would cause large isotope effects (i.e., large and not repro-
ducible d74/72Ge values), we assumed that there was no
contribution from a Zn interference. Future work, particu-
larly on Zn-rich samples should consider this possibility,
however. In contrast, Se tends to form hydrides similar
Fig. 2. d74/72Ge of basalt standard BCR-3 and the diatom in-house
standard. Uncertainties are the 2 SD of the mean for each grouping where
the BCR-3 samples (filled circles) form one grouping, the alkaline digested
diatoms another (squares), and the HF-digested diatoms the third group
(open triangles). The dashed line is �0.6&, which is the average result for
BCR-3. Samples in brackets represent measurements that had low or
unstable signals.
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to Ge. 76Se is not at issue for our measurements because we
do not use the 76Ge isotope in our analysis (see below). 74Se
does, however, represent a possible interference, and is
0.89% of the total Se abundance. To exclude the possibility
that this isobar is present in our analyses, 78Se, which is
23.61% of the total Se signal, was measured in all samples.
The signal was in all cases not distinguishable from the
background noise of about >0.00005 V. The background
signal is measured during sample runs and subtracted from
every measurement. Therefore, the impact of 74Se on 74Ge
(35.94%) is analytically not significant. To further test this
conclusion, we performed measurements on two Ge stan-
dard solutions that were doped with a Se standard solution
at a Ge:Se ratio of 1:500. The resulting d74Ge values
(�0.02& and �0.06& ± 0.24) are indistinguishable from
our standard measurements leading us to conclude that
Se was not contributing to our signal.

Although not an isobaric interference, another possible
problem regarding measurement of Ge isotope composi-
tions is the presence of large quantities of Si in the sample
matrix, which can precipitate at the pH used during Ge
extraction. We therefore doped Ge standard solutions with
Si standard solutions (10–20 mM) and did not observe a
significant effect on the measured ratios (average of
0.17 ± 0.25, n = 7).

3.4. Molecular interferences

Potential molecular interferences in the Ge mass spec-
trum result mainly from various Ar molecules or their com-
bination with O. Possible interferences are 40Ar16O2,
36Ar36Ar+ on mass 72, 38Ar36Ar+ on mass 74 and 36Ar40Ar,
38Ar38Ar+ on mass 76. During magnet scans on these
respective masses using water and sodium borohydride as
‘‘blank’’ with the constant flow hydride generator used for
sample analysis, no detectable signal was seen on masses
72 and 74. Mass 76 however showed a signal significantly
higher than background (in the 10 mV range), but as indi-
cated above, 76Ge is not used for Ge isotope measurements.
In addition, spiked standards are also interspersed with
sample solutions (i.e., ‘‘bracketing standards’’) to account
for any additional interference that might be caused by
sample solutions.

4. Analytical methods and chemistry for hydride generation

Dissolved silicic acid is measured using standard colori-
metric techniques adapted for segmented flow analysis (Gor-
don et al., 1994). For Ge, the principal chemistry used has
been published previously (Mortlock and Froelich, 1996),
and our particular approach was detailed in Hammond
et al. (2000). The yield for this technique is assumed to be
greater than 90% based on secondary hydride extractions,
which did not produce significant signal. However, part of
the necessity for the double spike pertains to the possibility
that this technique is not 100% efficient and the effectiveness
of the extraction may vary depending on the sample.
The sample is spiked with a Ge double tracer and al-
lowed to equilibrate overnight. Samples are then buffered
with TRIS followed by EDTA. The TRIS to sample ratio
is approximately 5% and the EDTA to sample ratio is
approximately 1.25%. The sample is then diluted to
approximately 20 ml with additional DI water. In contrast
to inorganic Ge (germanic acid), methylated Ge species
should not be present at significant levels in high-T fluids.
This was confirmed during a separate analytical run with
Quadrupole ICP-MS, where we measured the Ge concen-
trations of the samples by a hydride generation single iso-
tope dilution technique (e.g., Hammond et al., 2000).
Using this technique the organic Ge peak is resolved from
the inorganic Ge peak and no organic Ge was observed in
the samples. A note of caution is worth iterating here
regarding organic Ge species. Organic species are typically
quite important in natural, low temperature environments,
and our constant flow hydride generation technique cannot
separate these species. For the analysis of fluid samples
containing high amounts of organic Ge chemical separa-
tion prior to measurements would be required.

For measurements, inorganic Ge is converted to ger-
mane (GeH4) in a reaction coil using approximately 4%
sodium borohydride and He as a carrier gas. In contrast
to techniques for Ge concentration measurements pub-
lished earlier, the measurement of Ge isotopes with a
MC-ICP-MS requires relatively long measurement dura-
tion with a relatively stable signal. These criteria are
achieved using a constant flow hydride generator (Fig. 3),
modified after Rouxel et al. (2002). The sample solution re-
acts with the sodium borohydride in an approximately
40 cm long HDPE mixing coil followed by an approximate-
ly 30 cm long glass mixing coil. Helium is injected as a car-
rier gas at the beginning of the mixing coils. The sample
uptake occurs via a peristaltic pump and pumping ratios
are about 1 ml per minute of sodium borohydride into
approximately 10 ml per min. of sample solution. As the
solution drips into a gas liquid separator the volatile
GeH4 is stripped from solution by additional He carrier
gas induced through a frit at the bottom of the gas/liquid
separator. Helium gas flow for both injections is
0.6 l min�1. From the gas liquid separator the gas is carried
over a moisture trap (Mg-perchlorate) and an additional
CO2 trap. The sample gas is then mixed with Ar-gas prior
to injection in the ICP plasma.

Each spiked sample is corrected for mass fractionation
during data reduction (e.g., Siebert et al., 2001). Spiked
standards are measured and treated as unknown samples
between each sample run to account for any drift during
analyses. The average standard value for each measure-
ment session is then subtracted from the corrected samples
to assure that results are comparable with previous mea-
surements. In this way, we account for non-reproducible
changes in the mass spectrometer and non-reproducible
conditions associated with the sample introduction system.
The measured standards on the hydride generation system
are thus always compared to the standard calibrated on a



Fig. 3. Schematic of the constant flow hydride generator used for this study (modified after Rouxel et al., 2002).

Fig. 4. Reproducibility of spiked standards measured by hydride gener-
ation and double spike technique over several measurement sessions. Solid
lines represent ±0.4&, which brackets all but 3 of our standard
measurements out of 52 total measurements. We give a conservative
estimation of 0.4& as the overall reproducibility of our method.
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‘‘normal’’ nebulizer and cyclonic spraychamber, which are
assumed to have considerably less fractionation.

Results of standard measurements for several measure-
ment sessions are shown in Fig. 4. Individual measurement
days show the day to day reproducibility of spiked stan-
dards is between 0.14& and 0.32& d74/72Ge (2 SD). The
average standard reproducibility is 0.4 & (2 SD) over a
period of several months (Fig. 4). Internal errors are typi-
cally �0.2& (2 SE) or better.

5. Mass spectrometry

Isotope measurements are made on a Nu Instruments
HR MC-ICP-MS (Wrexham, North Wales, UK) in the
W.M. Keck Collaboratory at Oregon State University.
An electrostatic analyzer is used to focus the ion beam with
high energy dispersion and two electrostatic lenses behind
the magnet allow for varied dispersion of the ion beam into
a static collector array of 12 Faraday cups.

Typical analyte consists of about 20 ml of sample solu-
tion with minimum Ge concentrations of 100 ppt (2 ng to-
tal Ge) resulting in a typical total signal of 1.5–2 V. Signals
or measurement time lower than that did result in increased
internal errors and decreasing reproducibility. An increase
in signal strength or measurement time or both will in-
crease measurement statistics and presumably lower errors.
Internal errors (�±0.2&) are generally smaller than exter-
nal errors (�±0.4&). Measurements make use of 4 of the
12 Faraday cups (H4, H2, Ax and L2) and masses 74, 73,
72 and 70 are measured simultaneously in static mode.
Each measurement cycle is integrated for 10 s and a total
of 20 cycles (2 blocks) are measured during one run. All
sample data presented here consist of 3 runs with the excep-
tion of one sample where the initial run was erratic, mean-
ing that we could not establish a stable signal (Table 3).

Scans of the Ge mass spectrum did not show signals for
Se, Zn or other interferences when aspirating blank solu-
tion (on-peak-zero). Therefore, background is measured
before every block for 15 s by deflecting the Electrostatic
Analyzer (ESA) of the instrument. Background reproduc-
ibility is 0.01 mV for a 10 s integration. Because memory
effects can produce systematic errors using a double spike,
the hydride generator system was washed out with water
until the normal background signal of >0.00005 V was
stable between measurements.

6. Mass bias correction

Natural and instrumental mass dependent isotope frac-
tionation is assumed to follow the exponential law. This
assumption has proven the most accurate in a variety of
isotope studies, despite the fact that the law might not cor-
rect perfectly for mass discrimination on every mass spec-
trometer (e.g., Rehkämper and Halliday, 1998; Marechal
et al., 1999; Vance and Thirlwall, 2002; Archer and Vance,
2004). The three dimensional data reduction procedure is
adopted from Siebert et al. (2001) and is based on prior
work (Hofmann, 1971; Russell et al., 1978, and Johnson
and Beard, 1999). The data reduction follows the mathe-
matics described in Siebert et al. (2001). This data reduc-
tion procedure results in a delta value for every single



Table 3
Results for Ge isotope measurements of Cascade hot spring samples

Paulina Lake
d74/72Ge

Bigelow
d74/72Ge

Terrwiliger
d74/72Ge

East Lake
d74/72Ge

McCredie
d74/72Ge

Kahneeta
d74/72Ge

1 �1.4 �1.7 �1.0 �1.9 �1.5
2 �1.3 �2.2 �1.6 �1.2 �1.4 �1.4
3 �1.2 �2.0 �1.8 �1.0 �1.7 �1.7

Ave./Stda �1.3 �2.0 �1.7 �1.0 �1.7 �1.5
SD 0.1 0.3 0.1 0.1 0.2 0.1

Ave./BCRb �0.7 �1.4 �1.1 �0.4 �1.1 �0.9
SD 0.3 0.4 0.3 0.3 0.4 0.3

a Ave./Std. is the isotope value relative to our laboratory standard.
b Ave./BCR. is the isotope value relative to our BCR laboratory standard. Uncertainties are 1 r of the mean and in the case of the BCR, uncertainties in

both the BCR and the mean value are propagated.

Table 4
Results for Ge and Si concentrations by ICP-MS

Sia (lM) bSi (lM) Ge (lM) Ge/Si (lmol mol�1)

McCredie 1277 1077 0.094 74
Paulina Lake 3110 2752 0.020 6
East Lake 3466 2947 0.026 7
Bigelow 1227 1092 0.077 62
Belknap 1596 1361 0.080 50
Terwilliger 783 703 0.026 33
Kahneeta 1105 1167 0.071 64

a Results from this study.
b Results from prior work, summarized in Table 2.
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cycle measured, so that no error propagation is needed for
the resulting mean delta value of each run. In addition to
the Ge isotope composition, precise Ge concentrations
are determined with each run via the measured spike to
sample ratio.

7. Results and discussion

7.1. Basalt and diatom samples

Although there is no accepted standard, we reference
our results to both our liquid standard as well as an
in-house basalt standard (e.g., Table 3). For dissolution
of the basalt sample we followed standard rock diges-
tions techniques (e.g., Siebert et al., 2001). This technique
is a standard HF, HNO3 digestion with the modification
of having added double spike to the sample before diges-
tion. We were concerned that this rock dissolution tech-
nique, which uses HF could volatilize Ge similar to Si,
thus we also performed a set of experiments where we
digested a set of diatom samples (a nearly pure Si ma-
trix) using both an alkaline digestion and an HF diges-
tion (e.g., Fig. 2).

Our in-house diatom standard has an unknown history.
However, based on our work here as well as other work in
our laboratory, the sample appears homogeneous and was
cleaned of contaminant phases. In digesting and analyzing
this sample for its Ge:Si ratio it was found to have a Ge:Si
ratio of 0.38 ± 0.02 (lmol mol�1) with there being no dif-
ference between diatoms that underwent further cleaning
and those that did not. For additional cleaning and diatom
dissolution we followed the protocol of Shemesh et al.
(1988) and for alkaline digestion we use 2 M NaOH. Sam-
ples show no resolvable difference in Ge isotope composi-
tions between the different cleaning and digestion
techniques. The diatoms that were digested using the alka-
line technique have greater scatter, but these results are
indistinguishable from the mean for all the data (Fig. 2).
One of the more striking results from these experiments
is the nearly uniform value of both BCR-3 and the diatom
standard, ��0.6& relative to our liquid standard.
7.2. High temperature fluid samples

High-T hydrothermal fluids from a number of locations
in Oregon (Table 1) were analyzed for Ge isotope compo-
sition, Ge concentrations and Si concentrations (Tables 3
and 4). Ge:Si ratios range from 6 to 74 lmol mol�1 (Table
4), and all samples show light Ge isotope compositions
ranging from d74/72Ge = �1& to �2& relative to the ana-
lytical standard and d74/72Ge = �0.4 to �1.4& relative to
the Basalt Standard BCR-3 (Fig. 5 and Table 3). For pre-
sentation of the isotope data, we separate the two samples
that were taken from springs located within Paulina and
East Lakes (Fig. 5) from the other spring samples.
Although these samples are certainly heavily influenced
by geothermal springs, they also are in communication
with the open lake. Thus, they might have somewhat differ-
ent chemistry from the other samples. Consistent with this
idea the Ge:Si ratio is significantly different between these
two groups (Table 4). This separation also distinguishes
the two lake samples from the other spring samples in
terms of isotope composition, yielding an average spring
value of �1.1 ± 0.4& (2 SD), whereas the lake samples
are �0.6 ± 0.4& (2 SD). However, despite this difference,
these numbers at 2r are indistinguishable.

The measured Ge:Si ratios (lmol mol�1) are higher than
those from typical low-temperature weathered fluids (�<1)
and those of bedrock (�3 or lower) and are more elevated



Fig. 5. d74/72Ge results (relative to BCR-3) of high-T hydrothermal
samples versus the Ge:Si ratio. Lake samples show lower Ge:Si ratios and
Ge isotope fractionation in comparison to the fluids from hot springs. This
might indicate a ‘‘dilution’’ of the original hydrothermal signal in the lake
samples by meteoric water. Our hypothesis is that the overall light Ge
isotope composition of these fluids (relative to basalt) could be caused by
precipitation of quartz during fluid transport fractionating heavy Ge
isotopes in the solid (see text).
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than Ge:Si ratios known from ocean floor and ridge flank
hydothermal systems (<45, e.g., Mortlock et al., 1993;
Wheat and McManus, 2005). The ratios are however con-
sistent with the range in Ge:Si ratios observed for continen-
tal geothermal systems (e.g., Evans and Derry, 2002 and
references therein).

In general, it has been argued that the two most likely
processes that explain the high Ge:Si ratios observed in
high temperature fluids are (1) an equilibrium reaction be-
tween a Ge bearing mineral phase and fluid in the bedrock,
and (2) precipitation of a Ge-poor mineral phase (e.g.,
quartz) during transport and cooling of hydrothermal fluid
(e.g., Evans and Derry, 2002). Mortlock et al. (1993) found
the highest ratios in fluids with relatively low temperatures
and increasing Ge/Si ratios with decreasing Si concentra-
tions in hydrothermal systems in the Pacific Ocean, and
this relationship is observed at the sites we sampled
(Fig. 6). Precipitation of a Ge-poor phase can explain the
increasing Ge:Si ratios and it also might explain the light
Ge isotope ratios with respect to basaltic rocks through
which these fluids mostly circulate. For example, Evans
and Derry (2002) showed that precipitation of quartz (Ray-
Fig. 6. Plot of Ge:Si ratios versus Si shows decreasing Si contents with
decreasing Ge:Si ratios, supporting the idea of Si precipitation as the
driving factor for the change in Ge:Si ratios.
leigh distillation process) could explain the high Ge:Si ra-
tios (up to 1000) in Himalayan hydrothermal fluids with
temperatures ranging from 20 to 70 �C. A similar process
might occur in the hydrothermal systems of the Cascades
where Ge and Si are most likely leached out of the basaltic
to andesitic bedrock. Si could then be subsequently deplet-
ed by progressive precipitation of quartz during fluid trans-
port from the central to the western Cascades. As observed
in our samples (Fig. 6) Si loss from the system could be the
main determining factor for the changing Ge:Si ratio.

We might expect a relationship between the Ge isotope
signature and fluid Ge:Si ratios if isotope fractionation is
being caused by the loss of Si from the fluid. Essentially,
we might expect isotope fractionation to be caused by the
preferential removal of heavy Ge isotopes in a precipitating
mineral phase (i.e., quartz). However, the analytical uncer-
tainties in our data preclude identifying any relationship
between the isotope and the Ge and Si data, and because
of the paucity of data on Ge isotope compositions of ter-
restrial materials any further discussion would be prema-
ture. However, it is important to recognize that there are
other phases or processes (e.g., Bernstein, 1985; Evans
and Derry, 2002) that could be influencing the fluid isotope
composition. Whatever the exact mechanism of Ge isotope
fractionation during geothermal fluid transport, the fact
that the isotopes show fractionation during these processes
opens the possibility for the use of Ge isotopes as an addi-
tional constraint for the use of Ge:Si ratios as oceanic
tracer.

7.3. Implications for the Ge/Si ratio as a proxy for ocean

chemistry

Because Ge has two dominant sources (rivers and hydro-
thermal activity) and two sedimentary sinks (opal and
iron-rich sediments) an additional constrain is needed to
continue to develop Ge as a useful tracer for the cycling
of silicon in the environment. Germanium isotopes offer
such a constraint in that it appears that at least during high
temperature processes Ge isotopes undergo fractionation.
Although tempting, it is not tenable to extrapolate these
results to marine hydrothermal systems at this particular
time, nor is that our intention here. Rather, the data here
point to resolvable isotope fractionation during high
temperature water rock interaction, which implies that
further exploration of Ge isotope variations is warranted.
Oceanic hydrothermal fractionation could be quite different
from our results for any one of a number of reasons, but it is
important to keep in mind that the marine Ge budget is
actually dominated by organic species and the isotopic com-
position of that organic Ge and its fate during hydrother-
mal fluid circulation are unconstrained, for example.
Furthermore, we reiterate here that in terrestrial high tem-
perature fluids the Ge:Si ratio is quite different (elevated)
than in the marine environment (references as above), and
that the range in terrestrial Ge:Si dissolved ratios is more
than an order of magnitude larger than for marine systems.
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Therefore, those processes leading to matrix discrimination
of Ge over Si could differ between terrestrial and marine
systems. However, if distinctive Ge isotope fractionations
are associated with the different Ge reservoirs, Ge isotopes
could be the key to understanding the paired Ge–Si system,
and Ge isotopes in combination with Ge:Si ratios could
evolve into a powerful tool to quantify changes in weather-
ing rates and hydrothermal input to the oceans.

8. Conclusions

The combination of MC-ICP-MS, hydride generation as
a Ge extraction method, and the double spike approach al-
lows reproducible measurements of the Ge isotope compo-
sition of solutions with total Ge concentrations of 2 ng.
Differences in sample isotope composition and reference
material can be resolved to ±0.4&. For future work this
value could be reduced by improvements to the hydride
extraction (i.e., improving the stability of the signal). Pos-
sible interferences can be monitored and fractionation dur-
ing the analytical procedures can be corrected with the
described method. However, samples containing organic
Ge species (such as seawater) cannot be analyzed with con-
stant flow hydride generation as these species would have
to be separated prior to analysis.

Terrestrial hydrothermal water samples show Ge isotope
fractionation with values ranging between �0.4& and
�1.4& relative to a basalt sample. Although we yet do
not know the fractionation mechanism it is possible that it
may be caused by the preferential removal of Si out of solu-
tion and the subsequent precipitation of quartz, a low Ge
mineral that might prefer the heavier Ge isotopes. Our pre-
liminary study suggests that significant Ge isotope fraction-
ation exists in nature, and if these observations can be
verified and expanded, Ge isotopes may offer an additional
constraint on using Ge as a tracer for the global silicon cycle.
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