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ABSTRACT: New methodology is presented for analyzing hydrogen isotope ratios (D/H) in phyllosilicate minerals by laser ab-
sorption spectroscopy. D/H measurements were carried out using an OA-ICOS instrument operated in a continuous flow configura-
tion. Water was extracted from minerals in a high temperature quartz column and advanced to the analyzer in a dry air carrier gas 
stream. We report the first D/H measurements by a laser system for serpentine, muscovite, sericite, talc, and biotite. We also meas-
ure kaolinite, gypsum, and small volumes of water. Materials, excluding biotite, were calibrated to within 1.5 ‰ of IRMS-
measured δDVSMOW values, with an average precision of 1.1 ‰. Biotite δD measurements were up to 10 ‰ more positive than es-
tablished IRMS values, due to partial reduction of evolved waters by Fe in the high temperature column. We provide recommenda-
tions for overcoming redox interference for measurements of biotite, and other ferrous materials, by OA-ICOS. Rapid, precise, and 
accurate analyses were carried out on water volumes as low as 0.25 µL extracted from minerals. With the exception of talc, the time 
required for thermal dewatering and measurement is 140 seconds, which translates into a throughput of up to 6 mineral samples per 
hour, including replicates. By demonstrating high precision, rapid throughput, low cost, and ease of operation, we provide a tool 
that should enable researchers at institutions with limited funding to routinely measure D/H in hydrous minerals. The protocols 
presented herein should also be useful to commercial users seeking to produce high density isotope datasets relevant to exploration 
of hydrothermal ore deposits and geothermal fields.

INTRODUCTION  

 
Hydrogen stable isotope signatures in minerals provide a means to reconstruct fluid history in both surficial and subsurface de-

posits of geologic and environmental interest. Historically, a number of workers have measured D/H signatures in clays, micas and 
serpentine minerals to study fluid flow in hydrothermal settings.1-10 Hydrogen isotope values in minerals are routinely measured in 
both active2-6 and ancient hydrothermal environments,1,3,8-10 to map fluid flow and temperature gradients.7-9 Important settings for 
these investigations encompass modern geothermal fields,2-4 submarine spreading centers,5-6 ancient hydrothermal ore deposits,1,3,8-

10 and sedimentary basins.11-12 From an economic standpoint, these systems are relevant to geothermal energy development,4 miner-
al deposit studies,3,8-10 and hydrocarbon exploration.11-12 Collectively, researchers in these fields have benefitted from advances in 
stable isotope measurement technology over the last 60 years.13 Yet, despite improvements in speed, precision, and accuracy,14-16 
costs of hardware and consumables association with Isotope Ratio Mass Spectrometry (IRMS) remain high.17 In this paper, we 
demonstrate that continuous flow Off-Axis Integrated Cavity Output Spectroscopy (OA-ICOS) is a viable, lower cost, platform for 
rapidly quantifying D/H ratios in hydrous minerals.  

Although Laser Absorption Spectroscopy (LAS) instruments, including OA-ICOS, are now widely used for isotopic measure-
ment of water samples,18-19 they are rarely utilized to measure hydrous solids. LAS manufacturers do not provide “off the shelf” 
sample preparation systems for rapidly extracting water from hydroxyl bearing minerals, and other solids (e.g. organic compounds). 
Data handling software, for processing and calibrating results is also not available at this time. Consequently, work utilizing LAS to 
measure D/H in solid materials has been largely relegated to proof of concept papers. Trial work has focused on measurements of 
gypsum,20-23 fluid inclusions,24 organic compounds,25 and several clays,26 in which water was extracted either offline,20-23 or in con-
tinuous flow.24-26 A recent Cavity Ringdown Spectroscopy (CRDS) protocol enables interpretation of isotope signals across slowly 
evolved water peaks in gypsum and clay minerals.26 However, complex hardware, and processing times of 90 minutes for clays, 
render the technique less useful for applications in which high sample throughput is required.  

Herein, we provide documentation of a methodology that enables routine measurement of D/H ratios of hydrous minerals using 
readily available and reliable equipment. A comprehensive discussion of hardware operation and data processing is provided to 
enable users of laser absorption spectrometers to rapidly analyze, and accurately calibrate, D/H signals in minerals. Measurements 
were performed using a Los Gatos Research (LGR) OA-ICOS analyzer (San Jose, CA, USA),27 but the principles described here 
should be applicable to users of other LAS systems, including CRDS. Tests were carried out on common hydrous minerals, includ-
ing serpentine, muscovite, sericite, kaolinite, talc, biotite, and gypsum. The analytical setup described here is characteristically sim-
pler than Thermal Conversion Elemental Analysis (TC/EA) IRMS systems, but still capable of delivering precise and rapid D/H 
measurements. 
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METHODS 

 
Hardware setup 

Isotopic analyses were conducted using a LGR OA-ICOS Triple Isotope Water Vapor Analyzer (T-WVIA 45-EP), and a cus-
tom-built sample preparation line at the University of Waikato, Hamilton, New Zealand. Minerals are dewatered in a high tempera-
ture column, and the resulting water vapor pulse is transferred to the optical cell in the analyzer in a dry air carrier gas stream. A 
pressurized dry air cylinder was used as the carrier gas source, but any dry and oil free compressed air source would be suitable. 
The OA-ICOS instrument, contains a high finesse optical cell, which operates on the principle of cavity enhanced absorption. The 
analyzer is described in literature.17-19,25,27-29 Measurement is accomplished by introducing H2O vapor into the cell, which contains 
highly reflective mirrors, a diode laser, and photodetector. The laser is pulsed through the cell, and the absorption spectra of water 
isotopologues are measured. Mixing ratios for H2

16O, HDO, H2
18O, and H2

17O are calculated from absorption spectra, and corrected 
to account for cavity temperature, pressure, laser path length, and ringdown time.17-19,25,27-29 Concentrations of isotopologues were 
measured in parts per million by volume (ppmv) at 1 Hz. 

The mineral dehydration line, depicted in Figure 1, was designed to facilitate high sample throughput and minimize memory. 
The dehydration line features a high temperature quartz column, emplaced in a Carbolite (Hope, UK) tube furnace, paired with a 
Costech Zero Blank (Valencia, CA, USA) carousel autosampler. The autosampler is triggered using an Arduino (Somerville, MA, 
USA) single-board microcontroller, which generates a 1 second contact closure. A USB access port on the controller allows users to 
adjust the timing of the autosampler drop interval. Mineral powders are dewatered in the column, at temperatures between 950 and 
1000 °C. For straightforward maintenance, a quartz liner was installed to sequester used capsules and mineral powder. The liner 
rests upon 3 indentations in the hottest interval of the quartz column. The base of the liner is closed, and the wall of the liner is per-
forated to allow the flow of water vapor and carrier gas through to the analyzer. Plugs of quartz wool and silver wool are emplaced 
at the base of the column to preclude the transit of mineral powder, and sulfur-bearing compounds, into the analyzer. No other 
packing (e.g. quartz chips, Cr2O3) was utilized. A pair of 2-µm and 0.5-µm filters (Valco Instruments Co., Inc., USA) were installed 
below the column, upstream of the OA-ICOS unit, to prevent clogging of the internal filter in the analyzer.  

During the course of the study, filters in the prep line occasionally became coated by sulfur compounds. Sulfur buildup occurred 
during analyses of hydrothermally altered rocks, which contained pyrite, and hydrous sulfates. This issue was mitigated by includ-
ing a silver wool trap in the column packing, and by routinely changing the inline filters and quartz liner. Maintenance on the liner 
and filters was carried out after approximately 1 g of mineral powder had been analyzed. The filters and liner can be changed in less 
than 10 minutes, while the column is at normal operating temperatures. The column is connected directly to the analyzer by a 1/4 
inch diameter, 75 cm long perfluoroalkoxy (PFA) tube. The tube is wrapped in heat tape, and is maintained at 95 °C during anal-
yses.  

A combination of greater heating of transfer lines, shortened transfer tubing, and a carrier gas pressure setting high enough to 
achieve turbulent flow resulted in the best precision and the smallest memory effect. Analysis of a synthetic gypsum sample 
demonstrated a reduction in memory of up to 20 percent on the first analysis in a series of replicates as a result of heating. A variety 
of flow and pressure settings were considered. The standard rate of carrier gas flow from the column into the optical cell is approx-
imately 110 ml/min. Although it was possible to maintain a normal pressure of 40.3 torr (5372.9 Pa) in the OA-ICOS cell at lower 
flow rates, measurements of hydrogen isotope ratios were considerably less precise. At a flow setting of 60 ml/min, analytical un-
certainty of δD, represented by 1 standard deviation of the mean (1σ) of replicate measurements, was consistently greater than 5 ‰, 
and above 10 ‰ in several cases.  

In the tests reported here, the hydrogen isotope (D/H) compositions of minerals and liquid waters were measured by OA-ICOS 
for materials that covered an expansive range of δDVSMOW values, from 0 to -189 ‰. D/H ratios were normalized to the Vienna 
Standard Mean Ocean Water (VSMOW) scale, using reference materials with known D/H ratios, and reported in δD notation in per 
mil (‰) units, unless otherwise noted.30 New hydrogen isotope mineral standards were measured by TC/EA-IRMS at the Universi-
ty of Otago. A list of the materials evaluated by OA-ICOS in this study is provided in Table 1. 
 

Operation  

Mineral powders were weighed into 5×9 mm silver foil capsules in sets of 3 to 7 replicates. Water standards were introduced in 
either crimped silver capillary tubes, or as pulses delivered from the LGR manufactured Water Vapor Isotope Standard Source 
(WVISS) to the reaction column. Prior to analyses, powders were dried at 190 °C for 5 hours, in a vacuum oven. To limit uptake of 
water after drying, samples were transferred from the vacuum oven to the autosampler in heated metal trays, with a total exposure 
time to open air of 3 minutes or less. Up to 49 capsules may be loaded at a time, which translates into 7-16 unique samples or 
standards, accounting for replicates.  

A typical run begins with a 4 minute dry air purge of the autosampler, followed by a 3-5 minute stabilization phase in order to 
achieve a background water vapor concentration of less than 250 ppmv. During stabilization, dry carrier gas flows through the au-
tosampler, reaction tube, and analyzer. Samples are dropped into the quartz column in 140 second intervals. The throughput report-
ed here is comparable to the measurement cycle on a continuous flow IRMS platform. Our sample throughput is significantly faster 
than rates reported for offline LAS measurements of gypsum hydration water,20-23 trial measurements of organic compounds by 
continuous flow OA-ICOS, where samples were dropped at 8 minute intervals,25 and recent online CRDS mineral dewatering ex-
periments.26    
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Analyses are manifest as discreet peaks over a low background H2O concentration. Peak maxima for 0.5 µL water pulses liber-
ated from minerals or water capsules were generally between 10,000 and 12,000 ppmv. The response time required for a water va-
por pulse to reach the analyzer is typically 18 to 22 seconds for liquid waters in silver capillary tubes, and 20 to 30 seconds for min-
eral powders in silver foil capsules. The maximum water concentration in the OA-ICOS cell is attained during the first 25 seconds 
following the start of the peak. Recovery from the maximum water vapor concentration down to the baseline occurs more slowly. 
Water concentrations within the analytical cell are usually within 200 ppmv of the baseline, 70 seconds after the peak maximum. 
For most runs, the background vapor concentration between peaks varied by less than 100 ppmv. During standby periods between 
runs, the entire system is pumped down to 500 mTorr (66.7 Pa), using the internal pump on the analyzer, to preserve dry internal 
conditions.  

 
Data processing 

Measurements of isotopologue mixing ratios by OA-ICOS are influenced by the total H2O vapor concentration in the optical 
cell. This was assessed, and corrected for, by measuring water standards over a range of concentrations, using the WVISS, as has 
been done in prior work.18-19,24-25 The WVISS is comprised of a heated nebulizer spray chamber and a dry air source. The mixing 
ratio of dry air and vapor from the nebulizer chamber is governed by a mass flow controller, and the pressure setting on the nebu-
lizer spray chamber. Following the principle of identical treatment for samples and standards, the WVISS was run through the au-
tosampler and furnace (Figure 1).31 Running the WVISS through the heated column is advantageous as it provides a tool for rapidly 
assessing column and transfer line efficiency. Positioning the WVISS upstream of the hot column also allowed for a shorter transfer 
line to the analyzer, which reduced intersample memory. A concentration correction example for HDO is provided in the SI. 

The ratio of processed peak areas for HDO and H2
16O was applied to calculate sample D/H values, as has been done elsewhere 

for water isotope measurements by continuous flow LAS.24-26 Here, the trapezoidal method for peak integration was applied to 
HDO and H2

16O isotopologue data. Other integration techniques (i.e. Simpson’s Rule) will provide δD values that are within 0.1 ‰ 
of those determined by the trapezoidal method. Integration was carried out using the Peak Analyzer tool in the OriginPro® software 
package. Peaks were defined via a concentration trigger, with no background correction (Figure 2). A concentration threshold of 
3,000 ppm H2O was selected because the OA-ICOS analyzer does not precisely measure rare isotopologues (i.e. HDO) at lower 
water vapor concentrations.25 Alternative peak processing techniques that included baseline correction, and integration using Simp-
son’s rule, were also carried out, but determined to be unnecessary. A description of peak processing protocol is provided in the SI. 
For a set of analyses of a given material, the first 1-2 replicates are discarded due to memory effects imposed by the previous stand-
ard or sample, and the latter hydrogen isotope measurements are averaged. Analytical uncertainty is calculated as 1 standard devia-
tion of the mean (1σ) of a group of averaged replicate measurements. To account for VSMOW scale compression, D/H ratios for 
samples measured by OA-ICOS are translated into δDVSMOW, using two-point linear calibrations, developed from reference stand-
ards with significantly different δD values. Slopes and intercepts of calibration regressions were calculated with 95% confidence 
intervals using GraphPad Prism® statistical software. Calibration equations were then analyzed by ANCOVA in Prism®, to test 
whether the slopes of lines were equal. 

 

RESULTS AND DISCUSSION 

  

Results for mineral and water standards are presented in Table 2. Mineral analyses, excluding biotite, are accurate within 1.2 ‰ 
of IRMS-measured δDVSMOW values, on average. Water standards run through the tube furnace exhibit average accuracy of 1.7 ‰. 
Biotite δDVSMOW results, were enriched for deuterium, relative to established values. Excluding biotite, the average precision of OA-
ICOS measurements across all material types reported in Table 2 is 1.1 ‰. Kaolinite, muscovite, serpentine, sericite, gypsum, and 
talc were measured at average precisions ranging from 0.4 to 2.2 ‰, while the analytical uncertainty of biotite ranged from 2.1 to 
3.7 ‰. The average uncertainty for analyses of water standards run through the tube furnace was 0.8 ‰. The precision and accura-
cy of analyses reported here, mark a significant improvement for rapid LAS measurements of hydrogen extracted from solid com-
pounds, with routine precisions comparable to continuous flow IRMS. IRMS labs typically measure δD in hydrous solids with un-
certainties of 2 ‰, or better.15-16,33 For comparison, 5 measurements of organic materials and gypsum in an earlier proof of concept 
OA-ICOS paper were reported with 1σ uncertainties ranging from 2 to 5 ‰.25  
 

Routine calibration 

Representative calibration plots for minerals and waters are presented in Figure 3. For water standards introduced as pulses 
from the WVISS (Figure 3, center panel), calibration to the VSMOW scale (δDexpected = slope × D/Hmeasured + intercept) was not sta-
tistically different from minerals (Figure 3, left panel) run during the same timeframe (P=0.61). The calibration equation for water 
standards run in silver crimped silver capillary tubes (Figure 3, right panel) differed with a steeper slope and lower intercept, rela-
tive to both minerals and waters introduced as vapor pulses. In a run that included both silver tube water and mineral standards, the 
slope of the regression defined by minerals (δDexpected = 6738691 ± 98772 × D/Hmeasured – 1041 ± 14) was statistically different 
(P<0.001) from the line defined by water capsules (δDexpected = 7607035 ± 47476 × D/Hmeasured – 1164 ± 7). This offset in calibration 
translates into a decrease in accuracy of ~3 ‰, when minerals are calibrated using silver tube water standards, or vice versa. Alt-
hough less accurate for calibrating minerals, crimped silver tube waters provide a means to analyze high salinity fluid samples. The 
tube furnace used in this study is less susceptible to salt blockage than septa-based injection systems,34 and nebulizer units (i.e. 
WVISS). In the experimental setup used here, 1-2 µL of brine, run as a set of 4-6 crimped silver tubes, may be analyzed in 15 
minutes, or less.  
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Operators wishing to calibrate phyllosilicates with reference waters should run these as vapor pulses directly through the fur-
nace, using the WVISS unit, or comparable vaporization hardware. A one point standardization procedure, developed using the 
WVISS, provided δD calibration that was accurate to within 2.3 ‰ of δDVSMOW values measured externally by IRMS, for analyses 
of minerals with values ranging from -23.8 to -81.4 ‰. However, moderate scale compression was observed for materials signifi-
cantly outside this range, highlighting the need for two point calibration lines (Figure 3) in most applications. 

 

Recommendations for analyzing biotite and other Fe-bearing minerals 

Biotite minerals were measured at lower precision and accuracy relative to other results reported here. The OA-ICOS δDVSMOW 
result for NBS 30 of -52.3 ‰, is significantly more positive than the offline IRMS value of -65.7 ‰.32 This finding, in which OA-
ICOS results indicate a more deuterium-enriched hydrogen isotope composition than corresponding offline IRMS measurements, 
has previously been documented for continuous flow IRMS systems.35 In a recent compilation of analyses of NBS 30 by six TC/EA 
IRMS labs, the average value was -53.4 ‰,33 which is comparable to the OA-ICOS value reported here.   

Although the causes of positive δDVSMOW anomalies in measurements of biotite by OA-ICOS are not definitively known, it has 
been postulated that in hot continuous flow extractions, high-Fe biotite (e.g. NBS 30) can impede analyte transfer.33,35 With TC/EA 
systems, full conversion from H2O to H2 is inhibited by the formation of isotopically-depleted metal hydrides,35 which impose a 
deuterium-enriched signature on the analyte hydrogen gas. While we do not rule out metal hydride formation in our analytical set-
up, we also propose oxidation of Fe by H2O as a potential cause for unexpectedly positive δDVSMOW measurements in biotite, rela-
tive to established IRMS values.36-37 In a set of heating experiments, the δDVSMOW signature of water released from NBS 30 at tem-
peratures between 973 and 1073 °C, ranged from -25 to -51 ‰, while δDVSMOW of byproduct H2 gas ranged from -218 to -256 ‰.36 
Any H2 gas generated by reduction of H2O in the presence Fe is effectively lost in the OA-ICOS method because the analyte meas-
ured is water vapor. 

Remnant Fe compounds in the reaction column may impose a reducing effect during several subsequent analyses. This occurred 
when the Misasa sericite standard was measured following NBS 30. We analyzed the sericite standard 7 times. During the first 4 
analyses, the memory effect from NBS 30 was discernable. Results of the final three analyses of Misasa were similar to IRMS val-
ues. We report a mean of -57.5 ± 1.6 ‰, which is comparable to reported IRMS values, which range from -56.0 to -59.1 ‰.38 

Complications associated with fractionation during mineral dehydration appear to be restricted to biotite. This is an issue that 
will collectively need to be addressed by users wishing to measure biotite and other Fe-rich minerals using online high temperature 
dehydration systems coupled with LAS units. Crushing biotite, and other iron-bearing samples to smaller grain sizes has been 
demonstrated to increase accuracy with TC/EA analyses.33,35 With continuous flow OA-ICOS, finer mineral powders may facilitate 
more rapid dehydration, minimizing fractionation in the hot column. Mixing biotite powders with an oxidant (e.g. CuO), may also 
minimize reduction of waters evolved from high Fe samples. Memory associated with remnant Fe can be eliminated by cleaning the 
quartz liner in the dehydration column after biotite analyses.  
 
Sample mass requirements 

A yield function was developed by analyzing a kaolinite standard (Kga-1b), over a range of masses. Kga-1b has an established 
water content of 13.7 %.39 Mineral water content, calculated from dry mineral mass, correlated linearly with H2O peak area for ali-
quots of kaolinite between 1.80 to 4.80 mg (Figure 4, left panel). This range corresponds with sample water volumes between 0.25 
and 0.66 µL H2O.  

Precise and accurate δDVSMOW measurements were recorded for water concentrations from 0.25 to 0.55 µL (Figure 4, right pan-
el). This range of water volumes correlates with H2O peak maxima in the OA-ICOS analyzer between 6,305 and 14,094 ppmv. The 
0.66 µL (4.8 mg) kaolinite analysis in Figure 4 generated a peak water concentration of 16,870 ppmv. This peak is significantly 
above the concentration correction range for this study, which spanned from 3,000 to 13,500 ppmv (SI). Although mineral powders 
were typically analyzed at masses equivalent to 0.4 to 0.5 µL H2O, the yield test presented here indicates that routine analyses can 
be performed using as little as 0.25 µL H2O. Accurate concentration correction should be possible for smaller peaks between 3,000 
and 6,000 ppmv, which coincide with water pulses of approximately 0.1 to 0.2 µL. 
 
Sample drying tests  

Effective removal of adsorbed and interlayer water in clays is a necessary treatment step prior to analyzing the hydrogen isotope 
signature of structural hydroxyl.40-42 The efficacy of drying techniques for δD analyses of clays is a topic of ongoing discussion in 
the isotope geochemistry community.40-42 Here, two drying approaches were compared for serpentine (WS-1), muscovite (G-
18502), kaolinite (Kga-1b), and a crushed whole rock sample (BB42) from the Martha Gold Mine, Waihi, NZ (Table 3). The 
crushed sample is from an interval of drill core, containing illite and smectite clays. In the first approach, materials were dried at 
110 °C in a conventional oven for 24 hours.41 In approach 2, samples powders were dried at 190 °C in a vacuum oven for 5 hours.42 
The yield function in Figure 4 was used to calculate the mineral structural water weight percent for these tests.  

For muscovite, kaolinite, and serpentine, water content varied by 0.3 weight percent, or less, from established mineral values, 
regardless of drying treatment. However, for the powdered whole rock sample (BB42), the drying approach significantly impacted 
results. For BB42, drying for 24 hours at 110 °C in a conventional oven resulted in a 53 percent decrease in H2O yield. Vacuum 
oven treatment resulted in a 57 percent decrease in H2O yield, and provides a more rapid preparation approach that effectively min-
imizes the interference of interlayer and adsorbed water upon the isotopic signal of hydroxyl.  

The broadness of peaks, expressed as a ratio of area / height (Table 3), correlated with established mineral thermal dehydration 
curves.43 For kaolinite, serpentine, and the illite-smectite rock powder (BB42), peak dimensions were similar. These materials typi-
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cally undergo full dehydration below 700 °C. Peaks for muscovite, and other micas, are characteristically broader than the clays 
assessed. For muscovite, the majority of weight loss occurs above 500 °C.43 While it was possible to analyze muscovite at 140 se-
cond intervals, talc samples dehydrated more slowly, and were analyzed at 12 minute intervals to allow for water concentrations in 
the analyzer to return to a low baseline. Normal talc retains hydroxyl up to 730 °C, and dehydration continues up to 930 °C.43  

The analyses presented in this work, were conducted between 950 and 1000 °C, but the column temperature should be adjusted 
to suit the analytical needs of the user. For measurements of muscovite, biotite, and talc, a hotter column may be desirable in order 
to achieve more rapid water extraction. During the course of the study, sulfur compounds condensed at the base of the column and 
at the first inline filter, where temperatures were below 150 °C. The sulfur is sourced from hydrothermal rock powders (i.e. BB42, 
Table 3), and anhydrite, which accumulated in the column during gypsum analyses. Although thermal decomposition of sulfate in 
anhydrite is not predicted to occur at 1000 °C, the reaction can proceed at lower temperatures in the presence of additives, including 
silica and kaolinite.44 The quartz column, liner, and silica wool packing may have enabled this. For many clays, and hydrous sul-
fates, operating at temperatures below 900 °C may be advantageous.  
 

CONCLUSIONS 

 
In this work, we provide a rapid means to measure the hydrogen isotope composition in minerals by OA-ICOS. Our setup suc-

cessfully measured water liberated from phyllosilicate and hydrous sulfate minerals at volumes as low as 0.25 µL, at greater preci-
sion and speed than has been reported previously for continuous flow LAS measurement of gypsum hydration water.25 High preci-
sion was maintained, while running sets of replicates at 140 second intervals, at an effective rate of 6 samples in an hour. This 
throughput is comparable to, or slightly faster, than modern TC/EA IRMS systems. The analytical setup also provides a straight-
forward means to analyze high salinity fluids, encased in crimped silver tubes. When compared with IRMS, and recent continuous 
flow CRDS-based work,26 the run setup, calibration, and maintenance times are significantly shorter for the OA-ICOS protocol 
outlined here. The methodology presented in this paper is also less expensive than IRMS, and may be implemented for less than 
$100,000 USD at list prices for the analytical instrumentation, preparation line, and data processing software. Ultimately, because 
the hardware is straightforward to maintain, and operation costs are low, this method should allow more individuals and institutions 
to measure hydrogen isotope ratios in minerals and bulk geologic samples. In particular, assessment of δD signals in minerals is of 
interest in the mining and geothermal industries, yet is infrequently utilized outside of academic venues due to the cost and time 
associated with analyses.  
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Figure 1. Hardware setup of the mineral dehydration line and LGR OA-ICOS analyzer used for measurement of D/H signatures in hydrous 
minerals at the University of Waikato. Minerals were dewatered in a quartz tube, heated to 1000 °C. 
 
 
 

Figure 2. Isotopologue peak areas were integrated in order to calculate isotope ratios (D/H) for samples. Integration was carried out 
using a water vapor concentration trigger of 3,000 ppmv, and no baseline, for both H2

16O and HDO. 
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Figure 3. Representative calibration lines. Left panel: Mineral calibration developed from 7 standards measured by IRMS that include ser-
pentine, kaolinite, and muscovite. A highly linear calibration relationship for H2O liberated from these minerals indicates that these materi-
als may be used interchangeably. Water standards were introduced into the reaction column either as pulses from the WVISS (center pan-
el), or in sealed silver capillary tubes (right panel). The relationship for water pulses from the WVISS is similar to the mineral-based cali-
bration. A small matrix effect associated with water capsules in sealed tubes results in a steeper calibration line (right panel).  

 

 

 

Figure 4. Left panel: yield relative to integrated peak area for the Kga-1b kaolinite standard. A linear relationship facilities calculation of 
H2O content in samples. Right panel: the relationship between sample water content and hydrogen isotope ratio for the Kga-1b kaolinite 
standard (δDIRMS = -50.5 %). Accurate results were obtained for analyses across a range of water volumes evolved from kaolinite. The 
highest value is above the WVISS concentration correction range. Kga-1b yield standards were dried for 5 hours at 190 °C in a vacuum 
oven. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1. Materials measured by OA-ICOS in this study 

Standard Type IRMS δDVSMOW  

Hydrous mineral 

G-18502 Muscovite -23.8 
USGS 58 Muscovite -28.4 

Talc-1 Talc -41.6 
G-18499 Muscovite -51.1 
Kga-1b Kaolinite -50.5 

Georgia Clay Kaolinite -59.0 
MISASA Sericite -59.1 
NBS 30 Biotite -65.7 (-53.4)a 

ATG-1 Serpentine -81.4 
USGS 57 Biotite -91.5 
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BuD 96014 Biotite -158.4 
Serp-HS-1 Serpentine -135.3 

WS-1 Serpentine -162.4 
Gy-Ajax Gypsum - 
Gy-HS-1 Gypsum - 

BB42 Rock pulp - 

H2O – 0.5 µL silver capsules 

VSMOW Water 0.0 
USGS W 62001 Water -41.1 
USGS W 32615 Water -60.0 

USGS 47 Water -150.2 
GISP Water -189.7 

H2O – pulses via WVISS 

USGS W 67400 Water 1.2 
Waikato Distilled Water -52.8 

LGR #3A Water -96.4 
USGS 43156 Water -112.8 

a The original offline IRMS value of NBS 30 is -65.7 ‰.32  
The updated value by TC/EA-IRMS is -53.4 ‰.33 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2. Analytical results for hydrous minerals and small volumes of water 

Standard δD IRMS   OA-ICOS δD result 1σ n Run time Calibration standards  

Serpentine 

Serp-HS-1 -135.3 -134.3 1.6 5 140 s WS-1, G-18502 

WS-1 -162.4 -160.6 1.0 5 140 s ATG-1, USGS 58 

Kaolinite 

Kga-1b -50.5 -49.7 0.7 6 140 s WS-1, G-18502 

-50.5 -51.9 1.9 7 140 s ATG-1, USGS 58 

-50.5 -50.8 1.0 8 140 s WS-1, G-18502 

-50.5 -50.2 2.2 6 140 s WS-1, G-18502 

Georgia Clay -59.0 -58.0 1.5 6 360 s ATG-1, USGS 58 

-59.0 -60.4 0.4 3 140 s ATG-1, USGS 58 
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Muscovite 

G-18502 -23.8 -27.5 0.9 4 140 s ATG-1, USGS 58 

G-18499 -51.1 -49.9 0.4 3 140 s ATG-1, USGS 58 

-51.1 -51.4 1.7 3 140 s WS-1, G-18502 

Sericite 

Misasa -59.1 -57.5 1.6 3 360 s ATG-1, USGS 58 

Biotite 

NBS 30 -53.4 -52.3 2.1 3 360 s ATG-1, USGS 58 

USGS 57 -91.5 -82.8 3.3 5 360 s ATG-1, USGS 58 

BuD96014 -158.4 -148.0 3.7 5 360 s ATG-1, USGS 58 

Talc 

Talc-1 -41.6 -44.1 1.2 2 720 s Waikato Distilled 

-41.6 -40.0 1.9 2 720 s Waikato Distilled 

Gypsum 

Gy-Ajax - -62.7 1.3 4 360 s ATG-1, USGS 58 

Gy-HS-1 - -114.5 1.2 4 360 s ATG-1, USGS 58 

H2O - 0.5 μL Ag capsules 

VSMOW 0.0 -2.7 0.3 4 360 s W 32615, USGS 47 

W 62001 -41.1 -40.7 1.0 5 360 s VSMOW, USGS 47 

W 32615 -60.0 -60.6 1.0 6 360 s VSMOW, USGS 47 

-60.0 -61.9 1.0 4 360 s VSMOW, USGS 47 

GISP -189.5 -191.5 1.0 5 360 s W 32615, USGS 47 

H2O - WVISS pulse via column 

Waikato Distilled -52.8 -50.0 0.6 7 180 s W 67400, W 43156 

LGR #3A -96.4 -95.2 0.6 3 180 s W 67400, W 43156 
a The original offline IRMS value of NBS 30 is -65.7 ‰.32 The updated value by TC/EA-IRMS is -53.4 ‰.33 

 

 

 

 

 

 

 

 
 
Table 3. Assessment of mineral drying techniques by OA-ICOS 

     H2O    H2O Area H2O Max Area /  D/H 

Mineral Treatment (wt. %) 1σ (ppmv×s) (ppmv) Height (×1E-04) 

WS-1 (serpentine) No drying 12.4 0.2 299003 11186 26.7 1.325 

H2O = 12.2 %a 24 hrs at 110 °C 12.2 0.5 290967 10883 26.7 1.314 

  5 hrs at 190 °C, vacuum 12.1 0.2 282312 10594 26.6 1.320 

Kga-1b (kaolinite) No drying 13.7 0.2 329589 12208 27.0 1.471 

H2O = 13.7 %b 24 hrs at 110 °C 13.4 0.2 317902 11819 26.9 1.472 

  5 hrs at 190 °C, vacuum 13.7 0.4 323548 11944 27.1 1.476 

 BB42 (crushed rock) No drying 11.5 0.3 480021 17047 28.2 1.472 
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illite / smectite 24 hrs at 110 °C 5.4 0.1 256436 9507 27.0 1.427 

5 hrs at 190 °C, vacuum 4.9 0.7 233691 8720 26.8 1.441 

G-18502 (muscovite) No drying - - 391854 11610 33.8 1.523 

H2O = 4.3 %a 24 hrs at 110 °C 4.1 0.0 382672 10989 34.8 1.518 

  5 hrs at 190 °C, vacuum 4.2 0.0 399230 11563 34.5 1.518 
a Calculated from TC/EA results, University of Otago 
b Pruett and Webb, 1993 
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