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Rationale: Online oxygen (δ18O) and hydrogen (δ2H) isotope analysis of fluid
inclusion water entrapped in minerals is widely applied in paleo-fluid studies. In the
state of the art of fluid inclusion isotope research, however, there is a scarcity of
reported inter-technique comparisons to account for possible analytical offsets.
Along

with

improving

analytical

precisions

and

sample

size

limitations,

interlaboratory comparisons can lead to a more robust application of fluid inclusion
isotope records.
Methods: Mineral samples—including speleothem, travertine, and vein material—
were analyzed on two newly setup systems for fluid inclusion isotope analysis to
provide an inter-platform comparison. One setup uses a crusher unit connected
online to a continuous-flow pyrolysis furnace and an isotope ratio mass spectrometry
(IRMS) instrument. In the other setup, a crusher unit is lined up with a cavity ringdown spectroscopy (CRDS) system, and water samples are analyzed on a continuous
standard water background to achieve precisions on water injections better than
0.1‰ for δ18O values and 0.4‰ for δ2H values for amounts down to 0.2 μL.
Results: Fluid inclusion isotope analyses on the IRMS setup have an average 1σ
reproducibility of 0.4‰ and 2.0‰ for δ18O and δ2H values, respectively. The CRDS
setup has a better 1σ reproducibility (0.3‰ for δ18O values and 1.1‰ for δ2H values)
and also a more rapid sample throughput (<30 min per sample). Fluid inclusion
isotope analyses are reproducible at these uncertainties for water amounts down to
0.1 μL on both setups. Fluid inclusion isotope data show no systematic offsets
between the setups.
Conclusions: The close match in fluid inclusion isotope results between the two
setups demonstrates the high accuracy of the presented continuous-flow techniques
for fluid inclusion isotope analysis. Ideally, experiments such as the one presented in
this study will lead to further interlaboratory comparison efforts and the selection of
suitable reference materials for fluid inclusion isotopes studies.
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1 | I N T RO D UC TI O N

efficient alternative, fluid inclusion isotope ratios may also be
measured on an IRMS instrument using an off-line extraction

Fluid inclusions in minerals constitute a unique archive of paleo-fluids

method.36

in the geological record. For this reason, numerous techniques have

Since the beginning of the 2010s, new online setups have been

been developed for analyzing fluid inclusions over the years for the

developed using cavity ring-down spectroscopy (CRDS), which was

study of paleo-fluid systems.1,2 Within the wide array of techniques,

already an established technique for the accurate isotope analysis of

18

2

oxygen (δ O) and hydrogen (δ H) isotope analysis of fluid inclusion

water samples.37,38 An advantage of laser absorption spectrometry is

water is of particular interest, as it may provide direct information on

its ability to measure δ18O and δ2H values of water vapor without the

the origin and type of mineral-forming paleo-fluids. Indirect

need to first split the water molecules into separate oxygen and

reconstructions of paleo-fluid δ18O values are commonly performed

hydrogen species. Laser spectroscopy techniques developed for fluid

using the δ O values of calcite or quartz but are subject to

inclusion isotope analysis use crusher units similar to IRMS setups and

uncertainties related to nonequilibrium effects during calcite

run on a dry nitrogen carrier gas,10,39 on a “wet” carrier gas containing

18

precipitation

3,4

and general uncertainty concerning the temperature

a constant standard water background,40,41 or under vacuum.21

of the fluid. Direct isotope analysis of fluid inclusions thus

For continuous-flow IRMS and CRDS setups, reported precisions

significantly improves the reconstruction of paleo-fluid composition

for fluid inclusion δ18O analysis of mineral samples (δ18Ofi values) are

and is equally applicable to non-oxygen-bearing host minerals.

usually around 0.5‰, whereas precisions between 1.5‰ and 2‰ are

In speleothem research, fluid inclusion isotope records have been

reported for fluid inclusion δ2H analysis (δ2Hfi values). Such precisions

used in combination with U-Th dating to reconstruct rainfall δ18O

can be achieved for water yields as low as 0.15–0.2 μL.10,32 Mineral

values and associated climate change through time.

5–12

Fluid inclusion

samples, however, may contain considerably less fluid inclusion water

isotope data of halite deposits have been used to reconstruct the

per gram—the typical upper capacity limit of most commonly used

isotope history of ocean water.13,14 When applied to vein-type

crushers. Lowering the minimum sample size required for fluid

deposits, fluid inclusion isotope data can be used to reconstruct

inclusion isotope analysis would, therefore, enable data acquisition of

basin-scale fluid flow circulation in the subsurface, which mainly finds

mineral samples with low water contents. Furthermore, increasing

an interest in ore geology,15–18 petroleum geology,19,20 and

sample throughput rates—currently more than an hour per sample in

petrology.21

most reported setups—would be helpful to increase data density in

Isotope analysis of fluid inclusions is not straightforward, as
inclusions are only microns to hundreds of microns in size. As a

speleothem time series and facilitate more thorough replication in
fluid inclusion isotope data sets.

consequence, bulk analytical techniques have mostly been developed,

Another point of attention in the state of the art of fluid inclusion

in which the integral volume of a large number of fluid inclusions

isotope research is the scarcity of reported inter-technique

within a mineral sample is released and subsequently analyzed. The

comparisons to account for possible analytical offsets between

first techniques emerged in the 1970s and relied on water release

laboratories. For instance, in Arienzo et al,39 a comparison of three

through thermal decrepitation in an off-line preparation device and

speleothem samples shows that isotope ratios from a CRDS setup are

subsequent analysis on a dual-inlet mass spectrometer.22–25 In

lower by 0.7‰ for δ18Ofi values and 2.5‰ for δ2Hfi values compared

general, only hydrogen isotope ratios are usable, due to considerable

with an IRMS technique. Meckler et al9 observed offsets toward

uncertainties associated with measuring oxygen isotope ratios with

lower δ18Ofi values of fluid inclusion water in speleothem samples in

Thermal decrepitation techniques have been

an IRMS technique than in a CRDS technique, whereas the δ2Hfi

applied mainly on vein-type deposits because fluids involved in the

values do reproduce. Systematic offsets of approximately 1‰ in

deposition of hydrothermal (ore) minerals are typically characterized

δ18Ofi values were found in a speleothem sample set by Wainer et al,7

these techniques.

26–28

15,16,29–31

by large isotope variations.

comparing two IRMS techniques. Especially in speleothem-based

In the 2000s, fundamentally different techniques for fluid
inclusion isotope analysis were developed that allow for analysis using

paleoclimate research, where isotope variations can be small,42,43
such offsets in δ18O values may impact climate interpretations.

continuous-flow isotope ratio mass spectrometry (CF-IRMS).32,33

The previously cited speleothem studies demonstrate that

Within these setups, the spectrometer is connected online to a

interlaboratory differences may exist for fluid inclusion isotope

mechanical crusher unit that is maintained at a relatively low

analysis. For a more robust application of fluid inclusion isotope

temperature (120 C–130 C). A pyrolysis reactor within the line

techniques in paleo-fluid studies, the field, therefore, needs more

converts released water vapor into hydrogen and carbon monoxide

thorough interlaboratory comparison experiments, ideally based on

gas, which are subsequently separated in a gas chromatographic

reliable fluid inclusion-bearing standard materials available to all

column before analysis by IRMS. Reliable data for both oxygen and

laboratories that use the techniques. This is particularly valid for

hydrogen isotope ratios can be acquired using IRMS techniques for

ongoing discussion on potential diagenetic exchange of oxygen

sub-microliter amounts of fluid inclusion water, as demonstrated in

between fluid inclusion water and host calcite in speleothems.44,45 As

6,7,34

Furthermore, the technique has

long as the interlaboratory reproducibility of particularly δ18Ofi data is

successfully been applied on hydrothermal vein mineralization to gain

underdefined, it remains difficult to distinguish between diagenetic

insight into subsurface fluid flow dynamics.18–20,35 As a more cost-

effects and possible analytical artifacts.

various studies on speleothems.
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In this contribution, we present an extensive comparison study of

positioned in the line between the crusher and the TC-EA to collect

two commonly used continuous-flow setups for online fluid inclusion

water that is being released. The cryogenic trap consists of a 60 cm

isotope analysis, both available at the Max Planck Institute for

coiled 1/16 in. stainless steel capillary, which is located outside the

Chemistry in Mainz, Germany. One setup uses a crusher unit and

oven so that it can be cooled down by submersion into an ethanol–

cryogenic trap connected to a pyrolysis furnace and an IRMS

liquid nitrogen sludge at −100 to −90 C. At these temperatures,

instrument (cf. Vonhof et al33). The second technique couples a

water vapor is effectively trapped, whereas contaminant species in

crusher unit to a CRDS instrument and runs on humidified nitrogen

the carrier gas and common inclusion gas phases such as CO2 or CH4

carrier gas (cf. Affolter et al40). Several fluid inclusion-bearing mineral

are flushed through. The cryogenic trap can be heated to 150 C

samples, including speleothem, travertine, and vein material, were run

with a flash heater to generate a water pulse short enough to be

on both setups. In doing so, we can present a robust data comparison

isotopically analyzed. In the TC-EA pyrolysis reactor, water vapor is

between the two main analytical techniques currently used in the

transformed into H2 and CO gas by reaction with glassy carbon at

field.

1400 C.46 A gas chromatographic column at 65 C separates the H2
and CO gases before entry into the mass spectrometer. The gas flow
into the mass spectrometer is controlled by a ConFlo IV Universal

2 | ISOTOPE RATIO MASS SPECTROMETRY
SETUP

continuous-flow

interface

(Thermo

Scientific).

In

the

mass

spectrometer, a rapid magnet peak jump between the analysis of H2
and CO gases allows for the acquisition of both hydrogen and oxygen

2.1 | Design of the line

isotope ratios from a single water sample (Figure 2).

The setup for fluid inclusion isotope analysis using an IRMS system

maintains a continuous flow of He through the TC-EA reactor tube

is similar to that first presented by Vonhof et al.33 It consists

into the mass spectrometer when opening the crusher to load a

of (a) a preparation unit, (b) a continuous-flow pyrolysis furnace

sample. The design allows for flushing atmosphere from the crusher

(high-temperature conversion elemental analyzer [TC-EA]; Thermo

before starting the analysis.33 During the analysis, background

Scientific, Bremen, Germany), and (c) a continuous-flow isotope

intensities in the mass spectrometer are generally below 100 mV for

ratio mass spectrometer (Thermo Scientific Delta V). The three units

m/z 28, 29, and 30 (CO), below 200 mV for m/z 2 (H2), and in the

are connected with 1/16 in. stainless steel capillaries (Figure 1). The

range of 40–80 mV for m/z 40 (Ar). For comparison, a water sample

flow rates of helium carrier gas through the line are maintained at

of 0.2 μL produces peak intensities of approximately 13 000 mV for

95 mL/min by the use of mass flow controllers.

m/z 29 and 6000 mV for m/z 2 (Figure 2).

Within the preparation unit, a bypass (through port D in Figure 1)

The preparation unit consists of a crusher placed in an oven at

The in-house built crusher (Figure 3) closely resembles the design

120 C. Water released within the crusher is vaporized and

presented by Plessen and Lüders.47 The body of the crusher is

transported by He carrier gas to the TC-EA. A cryogenic trap is

composed of stainless steel and is fitted with an aluminum bronze

F I G U R E 1 Photo of the preparation unit (left) and a schematic representation (right) of the line used for fluid inclusion isotope analysis using
an isotope ratio mass spectrometry instrument. The dashed rectangle indicates the 120 C heated zone. The blue line is used during the analysis
(ports A and C open). When exchanging a sample, all ports are closed except D to create a bypass and maintain a continuous He flow through the
high-temperature conversion elemental analyzer (TC-EA). After closure of the crusher, ports B and C are opened to flush away atmospheric air
before the connection between the crusher and the TC-EA is reestablished. The ethanol sludge is only placed during crushing and injections to
collect water vapor. For analysis, the capillary heater is activated to quickly heat up the cold-trap and generate a short water pulse [Color figure
can be viewed at wileyonlinelibrary.com]
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F I G U R E 2 Analytical output of the isotope ratio mass spectrometry (IRMS) instrument for a 0.2-μL water sample. H2 and CO gases are
chromatographically separated and independently measured through a magnet peak jump between the entry of both gases into the IRMS
instrument. Isotope ratios of the sample peaks are calibrated with respect to reference gases. The analysis of a single water sample (standard
water injection or sample crush) takes about 10 min [Color figure can be viewed at wileyonlinelibrary.com]

F I G U R E 3 Design of the crusher used in both the isotope ratio mass spectrometry and the cavity ring-down spectroscopy setups. A, The
crusher consists of a lower part where a sample can be loaded, an upper part with a piston that can be lowered, and a clamp to close the
crusher. B, View of the crusher when closed. C, Cross section of the crusher. The crusher tip is convex to achieve effective crushing when the
piston is lowered onto the sample. Gas-tight seals are created using fluorinated ethylene propylene gaskets. Water standards can be injected
directly into the crusher via a septum port [Color figure can be viewed at wileyonlinelibrary.com]

piston with a convex stainless steel tip that can be lowered onto the

2.2 | Analytical performance

sample with a rotating movement. The bottom of the stainless steel
cup (internal diameter: 22 mm; internal depth: 12.4–14.8 mm) that

Standard waters were analyzed by injection into the septum port

holds the sample matches the curvature of the piston, thereby

of the crusher to monitor the stability and precision of the setup.

achieving high crushing efficiency. For carbonate samples, typically a

A 0.5-μL Medical SGE syringe (model 0.5BNR-5/0.63; part number:

fine-grained residue with fragments <0.1 mm in size is left after

000300; Trajan Scientific, Ringwood, Australia) was used for

crushing. Up to approximately 0.7 cm3 of material can be loaded at a

standard water injections. Standard waters of variable isotope

time. O-rings consisting of fluorocarbon encapsulated in fluorinated

composition were used in this study (Table 1), all calibrated against

ethylene propylene (FEP/FPM; Dichtelemente arcus GmbH, Seevetal,

international standards. Isotope ratios throughout this paper are

Germany) are used to create gas-tight seals between the different

reported on the VSMOW scale. A series of standard water

components of the crusher. A stainless steel septum port (septum type:

injections in the size range of 0.1–0.5 μL into the crusher on the

11 mm Thermogreen LB-2; Sigma-Aldrich, St Louis, MO, USA) enables

IRMS setup display a standard deviation better than 0.1‰ for

standard water injections into the crusher unit. By injecting directly

δ18O values and 1.0‰ for δ2H values. The analytical uncertainty

into the crusher chamber, evaporation of sample water occurs at the

on fluid inclusion isotope ratios, however, is considerably higher, as

same spot for both standard water injections and sample crushes.

the analysis of mineral samples involves a more complex analytical
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TABLE 1

Isotope ratios of standard waters used in this study

Standard

δ O value
(‰ vs VSMOW)

δ H value
(‰ vs VSMOW)

Turkana

6.96

45.81

VSMOW

0.00

0.00

Mainz-Kona mix

−5.95

−43.37

Mainz tap

−8.70

−62.96

Grimsel

−9.33

−84.73

Chamonix

−13.68

−101.59

Huagapo

−14.11

−108.58

SLAP

−55.50

−427.51

18

2

TABLE 2
Exemplary calibration series to determine the memory
effect and linearity on the IRMS setup
Area H2
(Vs.)

δ 2H
value

Area CO
(Vs.)

δ 18O
value

0.3 μL
VSMOW

224.172

7.297

605.706

−1.986

0.3 μL
VSMOW

221.102

7.316

598.388

−2.058

0.3 μL
VSMOW

216.479

6.630

585.382

−2.031

0.3 μL
VSMOW

222.694

7.470A

601.959

−1.915D

0.3 μL
Huagapo

220.596

−78.327B

597.363

−13.988E

0.3 μL
Huagapo

223.395

−86.707

604.207

−14.484

0.3 μL
Huagapo

222.706

−89.539

602.371

−14.572

0.3 μL
Huagapo

225.245

−90.777

609.515

−14.642

0.3 μL
Huagapo

221.675

−92.629

598.646

−14.597

2.3 | Analytical procedure and data calculation

0.3 μL
Huagapo

220.175

−92.981

594.716

−14.732

Prior to analysis of a mineral sample, a standard water is repetitively

0.3 μL
Huagapo

218.933

−92.048C

592.994

−14.623F

Sample

SLAP, Standard Light Antarctic Precipitation; VSMOW, Vienna Standard
Mean Ocean Water.

protocol to account for memory and size effects (see section 2.3).
The upper sample size limit is approximately 0.7 μL as peak
separation at higher water amounts is incomplete.

measured to condition the analytical line. The mineral sample in the
crushing cell is crushed and measured as soon as the mass
spectrometer is recording stable values for the injected standard
water. Direct calibration of fluid inclusion isotope ratios is performed
by comparing recorded isotope ratios of the sample crush with

When switching to another standard water, isotope ratios display a
memory effect, stabilizing again after three to four injections. Area H2 and
area CO are measures of the peak size (i.e., water amount). Superscript
uppercase letters refer to numbers used in Equations 1–4.
IRMS, isotope ratio mass spectrometry.

bracketing standard water measurements that are run directly before
and after the crush. Cold-trap times are kept equal for both standard
water injections and sample crushes (usually 4 min). Volumes of
standard water injections following the sample crush are tailored to
the water yield of the sample crush. This is to minimize possible

Memory effect δ2 H ðmH Þ =

C−A
,
B− A

ð3Þ

Memory effect δ18 O ðmO Þ =

F−D
:
E −D

ð4Þ

size effects in the direct comparison of the sample with the
standard water.
The setup exhibits both a memory effect and linearity, which
become evident when analyzing isotopically different standard waters
(Table 2). Due to the sample-to-sample memory effect, about three to
four consecutive measurements of the same standard water are

Equations 5 and 6 are used for the final calculation of true sample

needed to reach stable values. For the series of standards in Table 2,

crush δ2Hfi and δ18Ofi values, respectively. The equations include a

the linearity is calculated using Equations 1 and 2 for δ2H and δ18O

correction for both memory effect and linearity. The subscript “crush”

values, respectively, with terms in the numerator referring to true

refers to the isotope results of the sample crush. The subscript “STD”

isotope ratios of the standard waters. The memory effect is

refers to a standard water measurement of the approximately same

determined in Equations 3 and 4 for δ2H and δ18O values,

amount as the water yield of the crush, and the subscript “STD true”

respectively. Uppercase letters in Equations 1–4 refer to superscripts

to the true isotope ratios of this standard water:

in Table 2.
δ2 HVSMOW −δ2 HHuagapo
Linearity factor δ2 H ðlH Þ =
,
A− C

Linearity factor δ18 O ðlO Þ =

δ18 OVSMOW −δ18 OHuagapo
,
D− F

ð1Þ

ð2Þ


δ2 Hfi = δ2 Hcrush −δ2 HSTD  mH  lH + δ2 HSTD true ,

ð5Þ


δ18 Ofi = δ18 Ocrush −δ18 OSTD  mO  lO + δ18 OSTD true :

ð6Þ

Calibrations presented in Table 2 are performed on a weekly basis
to account for drift in the memory effect and linearity. Typically, lH
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and lO are between 0.98 and 1.13, while mH and mO are around 1.16
and 1.08, respectively. To minimize uncertainties related to the
correction of these effects, a standard water that is expected to be
isotopically close to the fluid inclusion water of the sample is used
during analysis.

2.4 | Fluid inclusion isotope results
The analytical performance of the IRMS setup was determined by
running a set of mineral samples following the protocol outlined
earlier. Sample material includes a fluorite vein, travertine material,
and speleothems from tropical, temperate, and high-altitude settings
(Table 3). The sample crushes liberated 0.08–0.44 μL of fluid inclusion
water. Fluid inclusion isotope data of the speleothem and travertine
samples together cover a wide isotope range along the global
meteoric water line (GMWL48; Figure 4), with each sample exhibiting
relatively homogeneous isotope ratios (Table 4). The average 1σ
reproducibility of these samples is 0.4‰ for δ18Ofi values and 2.0‰
for δ2Hfi values. The fluorite vein sample FL-HZ has the highest fluid
inclusion isotope ratios and plots to the right of the GMWL.

3 | CAVITY RING-DOWN LASER
SPECTROSCOPY SETUP

F I G U R E 4 Fluid inclusion δ18Ofi and δ2Hfi values of mineral
crushes on the isotope ratio mass spectrometry setup, with the
speleothem and travertine samples plotting along the global meteoric
water line (GMWL). The fluorite sample FL-HZ did not form in
meteoric water and therefore plots off the GMWL [Color figure can
be viewed at wileyonlinelibrary.com]

the standard water background, after which isotope ratios can be
calculated by subtracting the background from the sample peaks.40
For accurate removal of the water background from the sample

3.1 | Design of the line

peaks, the background water concentration must be as stable as
possible.

For

this

purpose,

a

2-L

homogenization

volume

The setup for fluid inclusion isotope analysis using cavity ring-down

(electropolished stainless steel; made in-house) is positioned in the

laser spectroscopy consists of a Picarro (Santa Clara, CA, USA)

line after the entry point of the background water to reduce

L2140-i analyzer coupled to an online preparation unit, broadly similar

variations in the background water vapor pressure.49 The ingoing

40

to the design presented by Affolter et al

41

The

nitrogen flow is maintained stable at 300 mL/min by a mass flow

preparation unit comprises various components that are heated in

controller (Tylan FC-260). Because the gas consumption of the

two separate ovens to 120 C and connected to each other with 1/16

analyzer is of the order of 40 mL/min, a purge capillary at the outflow

in. stainless steel capillaries (Figure 5). A key part of the setup is a

end of the 2 L volume discards excess flow. During analysis, the

peristaltic pump (Elemental Scientific [ESI, Omaha, NE, USA] MP2–6

pumping rate of the peristaltic pump is maintained at 0.9 μL/min to

Precision Micro Peripump) that supplies standard water into a T-piece

reach a background water concentration of approximately 14 000

connector at the start of the line to constantly moisturize dry nitrogen

ppm. The standard deviation of the background water concentration

carrier gas. The main advantage of using a moisturized carrier gas is

over an hourly period typically varies between 10 and 20 ppm. By

the elimination of memory effects, from which the analyzer suffers

default, in-house produced MilliQ (Millipore, Burlington, MA, USA)

when run on a dry carrier gas.10 Water samples are superimposed on

water was used to produce an average background level for δ18O

TABLE 3
cave sites

a

and Dassié et al.

Mineral samples used throughout this study for fluid inclusion isotope analysis and modern-day drip water isotope ratios for the

Name

Location

Type

Age

Drip water δ18O value

Drip water δ2H value

Huagapo-7

Andes Mts. (Peru)

Stalagmite (calcite)

Late Holocene

−14.11

−108.58

HV-SA-11a

Saudi Arabia

Stalagmite (calcite)

Pleistocene

Scladina

Ardennes (Belgium)

Stalagmite (calcite)

Early Holocene

−6.5

−42.4

Semproniano

Central Italy

Fissure ridge travertine (calcite)

Pleistocene

La Vièrge

Rodrigues (Mauritius)

Stalagmite (calcite)

Late Holocene

−3.3

−14.9

FL-HZ

Harz Mts. (Germany)

Fluorite vein

Mesozoic

Only measured on the cavity ring-down spectroscopy setup.
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TABLE 4
Weight
(g)

Fluid inclusion isotope results on the IRMS setup
Water yield
(μL)

δ Ofi value
(‰ vs VSMOW)
18

δ Hfi value
(‰ vs VSMOW)
2

The components of the preparation unit are heated to 120 C in
two ovens (Figure 5). The T-piece connector for background water
supply and the 2-L mixing volume are placed in a separate oven that is
not opened during analysis because these components are highly

Huagapo-7 (stalagmite)
0.29

0.25

−16.6

−122.9

0.28

0.30

−16.9

−120.7

0.36

0.38

−16.6

−128.2

0.28

0.34

−16.7

−121.4

SD: 0.17

SD: 3.38

Scladina (stalagmite)

sensitive to temperature changes. Even minor instability in the
temperature of these components may lead to considerable variation
in background water levels, which leads to a loss of precision in the
data calculation. Within the two-oven setup, the oven that holds the
crusher can be left open for over 15 min without noticeable
perturbation in water background levels. Under normal operation, the
oven is only opened for water injections and sample crushing, which

0.44

0.12

−6.9

−46.7

generally requires less than 30 s. The stainless steel capillaries

0.39

0.26

−6.9

−50.2

between the two ovens and leading from the second oven to the

0.45

0.25

−5.9

−48.2

CRDS instrument are wrapped in heating tape and maintained at a

0.46

0.26

−7.4

−50.0

temperature of 120 C.

SD: 0.64

SD: 1.67

La Vièrge (stalagmite)
0.80

0.20

−2.5

−12.2

0.76

0.14

−3.1

−10.4

0.82

0.08

−2.2

−7.3

0.86

0.13

−2.8

−11.8

SD: 0.41

SD: 2.22

Semproniano (travertine)

3.2 | Data processing
Water can be released in the crusher either through sample crushing
or through water injection in the septum port. Upon water liberation
in the crusher, peaks are generated on top of the stable water
background. The Picarro L2140-i analyzer records values every 0.7 s
for water content and δ18O and δ2H values. Raw data files are

0.29

0.44

−4.6

−33.9

0.27

0.24

−4.2

−32.2

water (see supporting information, S2). Calculations within the script

0.36

0.31

−4.9

−34.1

are based on the equations presented in earlier work by Affolter

0.37

0.32

−4.8

−33.4

et al.40 Isotope ratios are calculated using (a) integrated surface areas

SD: 0.32

SD: 0.85

of the water vapor concentration of the sample peaks, (b) weighted
average isotope ratios of the sample peaks, and (c) water background

FL-HZ (fluorite vein)
0.53

0.40

2.7

−5.3

0.49

0.29

3.3

0.8

0.46

0.26

processed in a Python script to compute isotope ratios of the sample

2.9

−0.1

SD: 0.28

SD: 3.28

concentration and isotope ratios.
In the calculations, the background is subtracted from the sample
peaks to acquire isotope ratios of the samples. For the background
values of each peak, an average is taken over a 1 min time interval
before and a 3 min interval after the peak to account for any drift in

Water yields are estimated by comparison with bracketing standard water
injections.
IRMS, isotope ratio mass spectrometry; SD, standard deviation.

the backgrounds. Sample peaks are characterized by a sharp increase
followed by a more gradual decrease toward background levels. The
script analyzes the slope of the water vapor concentration to
determine the peak starts and ends (Figure 6). Peak starts are defined
when the slope exceeds 10 ppmv/s, and peak ends are subsequently

values of −9.0‰ (1σ of 0.09‰) and δ2H values of −65.1‰ (1σ of

set when the down-going slope exceeds −0.5 ppmv/s. Parameter

0.33‰).

values in the calculations were empirically established aiming for the

The crusher used in this setup is the same as in the IRMS setup

highest precision on standard water measurements. The total

(Figure 3). Between the homogenization volume and the crusher

analytical time required for the analysis of a single water sample is

device, a backflow preventer (Swagelok, Solon, OH, USA; SS-2C-1/3)

8–10 min depending on the water amount.

is installed to prevent sample water vapor backflow into the purge
capillary upon crushing. A 7 μm pore size filter (Swagelok SS-2TF-7) at
the outflow of the crusher ensures that mineral particles that are

3.3 | Analytical performance

released during crushing do not disperse downstream. The last
element in the preparation unit is a stainless steel volume of 40 cm3

The performance of the CRDS setup was monitored by measuring

(Swagelok 304L-HDF2-40) that serves to smooth out the entry of

standard waters (Table 1), which were injected directly into the

sample water into the CRDS instrument over a wider time interval,

crusher with a 0.5 -μL micro-syringe (SGE Analytical Science—model

which facilitates precise data analysis and calculations.

BNR-5/0.63). A total of 355 standard water measurements
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F I G U R E 5 Design of the analytical line for fluid inclusion isotope analysis using a cavity ring-down spectroscopy instrument. An ingoing
nitrogen flow of 300 mL/min is humidified by standard water supplied at 0.9 μL/min by a peristaltic pump. Two ovens are used, one of which can
be opened to inject standard water and crush mineral samples. The T-piece connector into which background water is supplied and the 2-L mixing
volume are placed in a separate oven that is not opened in analysis mode to prevent water background perturbations [Color figure can be viewed
at wileyonlinelibrary.com]

demonstrates that isotope analyses on the CRDS setup need to be

in Figure 9. The data of standard water injections were collected over

corrected for linearity and sample size effects. Memory effects in this

a month, without any detectable drift in the linearity and size effects.

setup are absent (Table 5). The linearity of the instrument was
established through injections of different standard waters of known
isotope composition (Figure 7).

3.4 | Fluid inclusion isotope results

Injected amounts display a linear relation to integrated peak areas
of the water vapor concentration (Figure 8), allowing for accurate

For isotope analysis of fluid inclusion water, mineral samples are

monitoring of size effects. Size effects exist for both δ18O and δ2H

crushed to analyze the liberated water. Opening and closing the

values, becoming especially evident for water amounts below 0.1 μL

crusher to load a sample leads to instability in the water background,

(Figure 9). The size effect on δ O values largely follows a logarithmic

which requires a 10–15 min waiting time for restabilization (Figure 6).

decrease; the steepness of the trend slightly decreases with

During the stabilization period, atmospheric moisture and water

increasing isotope ratios of the standard water (Figure S1, supporting

adsorbed onto the sample are flushed out of the system. Because the

information). The size effect on δ2H values depends more strongly on

subsequent crush and isotope analysis take another 10 min, the total

the isotope difference between the sample and the background.

time to load and analyze one mineral sample is 25–30 min.

18

Toward lower water amounts, δ2H values tend to move toward the

First, a size effect correction is applied to isotope ratios of sample

background values. Being isotopically similar to the background water,

crushes using the size-dependent logarithmic trends shown in

Mainz tap standard water consequently lacks a size effect on δ2H

Figure 9. The size effect correction takes into account the

values. It is noteworthy that because a 0.5 -μL micro-syringe was

dependence of the logarithmic trends on water isotope ratios, which

used, the standard water measurements for the amounts above 0.5 μL

is especially evident for δ2H values. Second, sample crushes are

represent two rapid consecutive injections. Although this leads to a

corrected for linearity as established from standard water injections

slightly different peak shape, it does not affect data quality.

(Figure 7). The corrections are implemented in the Python script.

A 7-point running standard deviation over the standard water
measurements indicates standard deviations below 0.2‰ and 0.7‰

Precise calculations behind the corrections are explained in more
detail in the supporting information (S1).

for δ18O and δ2H values, respectively, at amounts above 0.1 μL

Fluid inclusion isotope data were collected on the CRDS setup for

(Figure 9). For standard water injections above 0.2 μL, the standard

the same samples as were analyzed on the IRMS setup (Table 3).

deviations drop even further, generally remaining below 0.1‰ for

Water yields of the crushes range from 0.11 to 0.70 μL, which is

δ18O values and 0.4‰ for δ2H values. Precisions are independent of

similar to the water yields on the IRMS setup. The data of the

the isotope ratios of the standard water for the isotope range covered

speleothem and travertine samples fall close to the GMWL and have
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F I G U R E 6 Peak shapes of a 0.3 -μL injection
of Huagapo standard water (STD injection) and a
crushed stalagmite sample (Huagapo-7) on the
cavity ring-down spectroscopy setup. After
opening the crusher to load the sample, a period
of approximately 10 min is needed to restabilize
the backgrounds (gray area from 19 to 26 min).
The vertical lines show the definition of the peak
starts (green), peak ends (blue), and background
(BG) intervals used for the calculation of isotope
values. For determining the BG, an average is
taken over the interval before and after the
sample peak. A time gap is maintained between
the background intervals and sample peaks to
ensure that values within the intervals are stable
[Color figure can be viewed at wileyonlinelibrary.
com]

an average 1σ reproducibility of 0.3‰ for δ18Ofi values and 1.1‰ for
TABLE 5
Series of standard water injections demonstrating the
absence of a memory effect on the CRDS setup
δ 18O value
(‰ vs
VSMOW)

δ 2H value
(‰ vs
VSMOW)

δ2Hfi values, excluding the speleothem sample HV-SA-11, which
shows more variable isotope signatures over a δ18Ofi range of
−11.6‰ to −8.7‰ along the GMWL (Figure 10; Table 6). The fluorite
vein sample exhibits the highest isotope ratios and has a standard

Injection
time

Standard

Amount
(μL)

11:11

Grimsel

0.6

−9.25

−85.1

11:20

Grimsel

0.22

−9.11

−85.2

11:29

Grimsel

0.08

−8.63

−84.3

11:38

SLAP

0.4

−58.31

−442.5

11:48

SLAP

0.5

−58.43

−443.3

11:58

SLAP

0.2

−57.78

−437.9

Fluid inclusion isotope data were acquired on the CRDS and IRMS

12:07

VSMOW

0.4

0.57

1.9

analytical lines using the same mineral samples, and thus a direct

12:17

VSMOW

0.5

0.43

2.4

comparison can be made between the setups. Isotope ratios of the

12:26

VSMOW

0.2

0.65

1.7

samples span 20‰ for δ18Ofi values and 130‰ for δ2Hfi values

Variations between (uncorrected) values of a single standard are partly
due to size effects.
CRDS, cavity ring-down spectroscopy.

deviation of 0.3‰ for δ18Ofi values and 2.1‰ for δ2Hfi values.

4 | DISCUSSION
4.1 | Fluid inclusion isotope results

across a range relevant for most naturally occurring water.
On both analytical setups, the fluid inclusion isotope signatures of
the speleothem and travertine samples plot close to the GMWL,
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F I G U R E 7 For standard waters, a
linear correlation exists between true
isotope delta values and isotope delta
values measured on the cavity ring-down
spectroscopy setup, as shown for δ18O
(left) and δ2H (right) values. The crossplots contain data of injections in the
range of 0.35–0.45 μL

The fluid inclusion isotope ratios of the Semproniano fissure ridge
travertine sample closely agree with present-day hydrothermal waters
in Central Italy.52,53 The fluorite vein sample FL-HZ comes from the
Lower Harz Mountains and produces values comparable with
extensive fluid inclusion isotope data of this mineralization presented
by De Graaf et al,18 which were acquired with the IRMS-type setup of
Vonhof et al33 at the VU University in Amsterdam. Fluid inclusion
isotope data of fluorite vein-type deposits in the Lower Harz reflect
seawater evaporation brines and are particularly variable for δ2Hfi
values,18 which explains the elevated standard deviation on δ2Hfi
values for this sample on both setups. Altogether, the fluid inclusion
isotope ratios of the samples analyzed in this study are realistic and in
line with expected values.

4.2 | Inter-technique comparison
F I G U R E 8 Injected water amounts as marked on the syringe are
linearly correlated with integrated peak areas of the water vapor
concentration. The correlation allows for accurately deriving water
yields of sample crushes and water injections on the cavity ring-down
spectroscopy setup

A direct comparison of fluid inclusion isotope data acquired on both
setups shows no systematic offsets for either δ18Ofi or δ2Hfi values
(Figure 11). For the five samples run on both setups, the average
inter-platform difference is only 0.16‰ for δ18Ofi values and 0.78‰
for δ2Hfi values (Table 7), which is well within the analytical
uncertainties. The data plot on a 1:1 line, demonstrating that both

which is in accordance with the expected meteoric signature of the

continuous-flow techniques for online isotope analysis of fluid

mineral-forming fluids of these samples. Fluid inclusion isotope data

inclusion water are able to produce accurate data. Minor instabilities

of the La Vièrge sample from the island of Rodrigues in the Indian

that may appear in the background levels during analysis on the CRDS

50

Ocean are similar to present-day rainfall in the region

and lie close

to unpublished drip water isotope data (Table 3). The Huagapo-7

setup (Figure 6) seem not to affect data accuracy, as the calculation
protocol takes into account drift in background values.

sample formed during the Late Holocene at an elevation of 3850 m

Another comparison experiment that was recently performed

above sea level in the Andes Mountains, where present-day rainfall

between a CRDS setup at Heidelberg University and the IRMS setup

has comparatively low isotope ratios (Table 3). The Holocene Scladina

in Mainz shows an equally good inter-platform reproducibility.49 The

stalagmite sample from The Meuse valley in Belgium also closely

CRDS setup in Heidelberg is similar to that in Mainz and differs only

matches present-day drip water (Table 3). The higher isotope

in the use of a single oven, a different crushing mechanism and a

variability of sample HV-SA-11 from Saudi Arabia is probably related

larger volume after the crusher of 400 cm3. The comparison study of

to internal heterogeneities in the fluid inclusion water, as the

Weissbach49 also used material from the Scladina and Huagapo

subsamples were not taken from a single growth layer of this

stalagmites. However, it is difficult to make a direct comparison with

stalagmite. The water content of the HV-SA-11 subsamples is also

our study, as the samples were taken from a different part of the

considerably more variable than that of the other samples (Table 6).

stalagmites. Nonetheless, the average values of the Huagapo

We have no drip water of the now-dry cave, but the δ Ofi range of

stalagmite (−16.9‰ for δ18Ofi values and −124.4‰ for δ2Hfi values)

−11.6 to −8.7‰ is comparable with that of present-day drip water in

are strikingly similar to those that we determined for the Huagapo

other caves on the Arabian Peninsula.51

sample (Table 7).

18
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F I G U R E 9 Uncorrected δ18O
and δ2H isotope data acquired on
the cavity ring-down
spectroscopy system of four
different standard waters
(VSMOW, Mainz-Kona mix,
Mainz tap, and Huagapo) covering
a size range from 0.03 to 0.8 μL.
Water amounts are determined
based on the calibration of
Figure 8. Oxygen isotope values
systematically increase with
decreasing water amounts. The
size effect in hydrogen isotope
values strongly depends on the
background isotope level. A
running 7-point standard
deviation is plotted in blue. For
sample sizes above 0.1 μL,
standard deviations are below
0.2‰ and 0.7‰ for δ18O and δ2H
values, respectively [Color figure
can be viewed at
wileyonlinelibrary.com]

values at around 0.3–0.4‰ (1σ). For δ2Hfi values, the CRDS setup
performs better with a 1σ uncertainty of 1.1‰ compared with
2.0‰ on the IRMS setup. For both setups, it is evident that sample
crushes show higher standard deviations than standard water
injections, which on the CRDS analyzer have standard deviations
below 0.2‰ for δ18O values and 0.7‰ for δ2H values for amounts
above 0.1 μL (Figure 9). The larger uncertainty for crushed samples
could be due to internal heterogeneities in their fluid inclusion
content. Alternatively, the process of crushing may cause a variety
of minor interferences that add to the uncertainty of the isotope
analysis. For a better constraint on precisions of sample crushes, the
field needs widely available reference material; this would also
facilitate future interlaboratory comparison efforts. In any case, the
precisions achievable on both setups in the experiments presented
here are sufficient to discern relatively subtle climate signals
characteristic of speleothem records.
F I G U R E 1 0 Fluid inclusion isotope results of samples run on the
cavity ring-down spectroscopy (CRDS) setup. Speleothem and
travertine samples consistently plot along the global meteoric water
line, in accordance with the expected meteoric signature of their
parental fluids. Stalagmite sample HV-SA-11 (only measured on the
CRDS setup) shows a large spread, probably due to internal
heterogeneity in fluid inclusion water isotope composition [Color
figure can be viewed at wileyonlinelibrary.com]

4.3 | Pushing the limit: Analysis of water amounts <
0.1 μL
Analyses are reproducible on both setups for amounts reaching down
to 0.1 μL. For sample material with low fluid inclusion densities,
optimizing the analytical performance at low water yields is important,

Regarding analytical uncertainties on the carbonate sample

as it may bring samples in reach that were previously not suitable for

crushes (n = 16 and n = 38 for IRMS and CRDS setup, respectively),

fluid inclusion isotope analysis. The relatively good performance of

both systems in Mainz have a similar reproducibility for δ18Ofi

the CRDS setup in Mainz for low water yields can be explained by
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Overview of fluid inclusion isotope analyses on the CRDS setup

Weight (g)

Water yield (μL)

δ 18Ofi value (‰ vs VSMOW)

δ 2Hfi value (‰ vs VSMOW)

Huagapo-7 (stalagmite)
0.42

0.39

−16.8

−124.3

0.56

0.70

−16.9

−124.9

0.49

0.38

−16.5

−125.2

0.27

0.21

−16.3

−124.8

0.28

0.22

−16.8

−126.2

0.22

0.21

−17.3

−128.7

0.38

0.37

−16.7

−126.3

0.39

0.33

−16.5

−125.6

0.32

0.37

−16.6

−125.4

0.35

0.28

−16.9

−125.2

SD: 0.28

SD: 1.23

HV-SA-11 (stalagmite)
0.67

0.67

−9.8

−73.0

0.36

0.52

−8.7

−65.1

0.31

0.16

−9.0

−62.2

0.31

0.20

−11.6

−83.5

0.37

0.27

−11.2

−84.1

0.42

0.23

−10.6

−77.4

0.66

0.18

−9.8

−65.3

0.59

0.27

−11.3

−81.3

0.63

0.24

−6.7

−47.3

0.47

0.22

−6.9

−46.2

0.38

0.12

−6.7

−48.3

Scladina (stalagmite)

0.47

0.21

−6.5

−46.8

0.64

0.15

−7.2

−48.3

0.69

0.27

−6.8

−46.8

0.69

0.19

−7.2

−48.6

0.72

0.30

−6.2

−45.5

0.50

0.42

−7.0

−46.6

SD: 0.31

SD: 1.06

La Vièrge (stalagmite)
0.73

0.23

−2.6

−11.6

0.78

0.24

−2.8

−12.4

0.62

0.11

−2.5

−10.3

1.09

0.16

−3.2

−13.9

0.88

0.14

−2.8

−8.6

0.92

0.14

−3.1

−11.2

0.73

0.22

−2.1

−11.8

0.74

0.24

−3.1

−12.9

SD: 0.37

SD: 1.63

Semproniano (travertine)
0.60

0.40

−5.6

−33.9

0.86

0.50

−5.0

−35.0

0.50

0.44

−4.8

−35.0
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TABLE 6

(Continued)

Weight (g)

Water yield (μL)

δ 18Ofi value (‰ vs VSMOW)

δ 2Hfi value (‰ vs VSMOW)

0.88

0.66

−4.8

−34.4

0.37

0.34

−4.6

−33.7

0.30

0.28

−4.8

−34.4

0.35

0.33

−4.8

−34.8

0.35

0.35

−4.9

−32.5

0.32

0.33

−5.6

−34.1

0.44

0.48

−4.8

−34.0

0.36

0.24

−4.8

−33.2

SD: 0.35

SD: 0.76

3.1

0.1

FL-HZ (fluorite vein)
0.53

0.17

0.43

0.19

2.9

−2.3

0.48

0.26

2.4

−5.4

0.49

0.28

2.6

−2.6

0.44

0.30

2.4

−4.2

SD: 0.30

SD: 2.09

Standard deviations for HV-SA-11 are not given as this sample has an isotopically heterogeneous fluid inclusion content.
CRDS, cavity ring-down spectroscopy; SD, standard deviation.

1. The Picarro analyzer used in this study (L2140-i) provides data at a

Whereas the more complex analytical protocol on the IRMS

high frequency (every 0.7 s), compared with a 2 s time period in Dassié

setup impairs reliable data calculation for sample crushes yielding

et al41 (L2120-i) and a 12 s time period in Affolter et al40 (L1102-i).

water amounts below 0.1 μL, the systematic behavior of the size

2. The good performance for small sample sizes could be related to

effect on the CRDS setup potentially opens up the possibility of

the improved temperature control of the parts sensitive to

analysis of such small amounts. Even standard water injections

temperature drops (i.e., mixing volume and T-piece connector into

down to 0.03 μL on the CRDS setup follow the size-dependent

which background water is supplied). Because these parts are

trends, albeit at higher uncertainties, with 1σ uncertainties running

heated in a separate oven in our setup, the backgrounds are less

up to 0.5‰ for δ18O values and 1.4‰ for δ2H values (Figure 9).

disturbed during the crushing procedure. Background disturbances

Nonetheless, these uncertainties would still be sufficient for

have an increasingly negative effect as samples become smaller.

studies on basinal fluid systems, which are generally characterized

3. The extensive series of standard water isotope analyses on the

by large isotope variations, commonly exceeding 10‰ in δ18O

CRDS setup show that size effects are systematic for both δ O

values and even more in δ2H values.54 Further detailed testing

18

and δ H values and can thus be corrected for (Figure S2,

would be needed to explore the applicability of the CRDS setup

supporting information). The success of these size corrections is

for samples with water yields under the 0.1 μL threshold. This

also demonstrated by the independence of acquired isotope ratios

could include determining the optimal concentration of background

of the water yields of the sample crushes, which range from 0.11

water vapor, which was set to a default of 14 000 ppmv in all our

to 0.70 μL (Table 6).

experiments.

2

F I G U R E 1 1 Comparison of fluid
inclusion isotope data acquired on the
cavity ring-down spectroscopy and
isotope ratio mass spectrometry setups
for δ2Hfi (left) and δ18Ofi (right) values.
The data of Huagapo-7, Scladina, La
Vièrge, Semproniano, and FL-HZ are
included along with 1σ error bars. The
data are reproducible between the two
setups and show no systematic offsets for
either δ2Hfi or δ18Ofi values
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Averages of fluid inclusion isotope data per sample on both setups with 1σ uncertainties between parentheses
δ 18Ofi value (‰ vs VSMOW)

δ 2Hfi value (‰ vs VSMOW)

IRMS setup

CRDS setup

IRMS setup

CRDS setup

Huagapo-7

−16.7 (±0.17, n = 4)

−16.7 (±0.28, n = 10)

−123.3 (±3.38, n = 4)

−125.7 (±1.23, n = 10)

Scladina

−6.8 (±0.64, n = 4)

−6.8 (±0.31, n = 9)

−48.8 (±1.67, n = 4)

−47.2 (±1.06, n = 9)

Semproniano

−4.6 (±0.32, n = 4)

−4.9 (±0.35, n = 11)

−33.4 (±0.85, n = 4)

−34.1 (±0.76, n = 11)

La Vièrge

−2.7 (±0.41, n = 4)

−2.8 (±0.37, n = 8)

−10.4 (±2.22, n = 4)

−11.6 (±1.63, n = 8)

FL-HZ

3.0 (±0.28, n = 3)

2.7 (±0.30, n = 5)

−1.6 (±3.28, n = 3)

−2.9 (±2.1, n = 5)

4.4 | IRMS versus CRDS techniques

for the samples used here. Nevertheless, the application of the CRDS
setup for analyzing organic-rich samples and samples containing

Although the size limitation and δ Ofi precision on both setups are

multiphase fluid inclusions may require cautious monitoring of such

similar, an important advantage of the CRDS setup is that the

potential interferences.

18

background water constantly going through the system removes
sample-to-sample memory effects,40 which are known to occur in
these analyzers when running them on a dry carrier gas.10 Although

5 | C O N CL U S I O N S

the memory effect in the IRMS setup can be monitored and corrected
for as presented in this study, it remains a calculation step that adds

Two continuous-flow setups for online analysis of fluid inclusion δ18O

to the final analytical uncertainty. A second advantage of the absence

and δ2H values are compared. The first setup uses a crushing cell with

of memory effects is that the full procedure for analyzing a mineral

cold-trap that is connected to a TC-EA pyrolysis furnace and an IRMS

sample on the CRDS setup takes less than 30 min because standard

instrument, and the second consists of a crushing cell coupled to a

water bracketing is not necessary. That is considerably less time than

CRDS analyzer and runs on a moisturized carrier gas. For the CRDS

the 1.5–2 h needed on the IRMS setup, where standard water

system, the use of two separate ovens and a large mixing volume

bracketing is indispensable. This currently means that up to

limits water background variations to a minimum (<20 ppmv) and

16 samples can be analyzed in an 8 h working day on the CRDS

therewith improves the analytical precision. Based on standard water

system, in comparison with five samples on the IRMS system.

injections, precisions on the IRMS setup are better than 0.1‰ for

The potential downside of the use of a water background in the

δ18O values and 1.0‰ for δ2H values, but significant memory effects

CRDS system is the inherent sensitivity to slight pressure changes in

must be corrected for. The CRDS setup has water injection precisions

the line. Therefore, the crusher design is of key importance for a

generally better than 0.1‰ for δ18O values and 0.4‰ for δ2H values

functional CRDS setup. Several tests with more powerful compressed

(1σ) for amounts down to 0.2 μL and displays no memory effects.

air crushers resulted in instabilities in the water background, which

We revised calculation protocols for both setups taking into

compromised the analytical performance. Our experiments showed

account linearity and sample size effects and—for the IRMS setup—

that in addition to the Potsdam crusher type used in this experiment

memory effects. Mineral samples of variable fluid inclusion isotope

(Figure 3), an Amsterdam crusher type33 (using a piston driven by

composition were crushed on both setups. For fluid inclusion water

compressed air) can yield reproducible results, but only if the crushing

yields down to 0.1 μL, the δ18Ofi values of the samples are

action is performed in a single stroke, as opposed to multiple

reproducible at 0.3–0.4‰ (1σ) on both techniques. The CRDS setup

repetitive strokes for a finer crush residue. The IRMS setup is less

outperforms the IRMS setup for δ2Hfi values (1σ precision of 1.1‰

sensitive to the crusher type owing to the dry carrier gas and

vs. 2.0‰). Another clear advantage of the CRDS technique is that due

cryogenic trapping procedure and may, therefore, be preferred if

to the lack of sample-to-sample memory effects, it has a considerably

repetitive crushing is required to acquire higher water yields.

more rapid sample throughput (<30 min per sample crush) than the

A second potential issue on the CRDS setup could be the release

IRMS technique. Furthermore, the CRDS setup holds the potential to

of contaminant compounds during the crushing procedure. For

achieve high precisions at amounts even below 0.1 μL without

instance, volatile organic compounds can negatively affect isotope

compromising the rapid sample throughput.

analysis on CRDS instruments.55 Furthermore, inclusions in minerals

The δ18Ofi and δ2Hfi data of both the IRMS and the CRDS

forming in hydrothermal settings may contain gas phases such as

techniques correspond to the expected values of the samples. The

CO2, CH4, or H2S. In the IRMS setup, such gas phases are flushed

inter-technique comparison demonstrates that there are no significant

through during cold-trapping and do not interfere with the

analytical offsets between the setups, which is in line with earlier

measurement, but this is not the case in the procedure followed for

observations of Meckler et al9 for δ2Hfi values. This shows that the

the CRDS analyzer. The reproducibility between the setups as

IRMS and the CRDS techniques are both able to produce accurate

presented in this study indicates no influence of such interferences

fluid inclusion isotope data. Ideally, the experiments presented here
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will lead to more interlaboratory comparison efforts to further
confirm the analytical reliability of fluid inclusion isotope data sets.
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