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Abstract

The hydrogen and oxygen isotope ratios in hydrous minerals and volcanic glass are routinely used as paleo-proxies to infer 
the isotopic values of meteoric waters and thus paleo-climatic conditions. We report a series of long-term exposure experi- 
ments of distal 7700 BP Mt. Mazama ash (�149& d2H, +7 & d18O, 3.8 wt.% H2O) with isotopically-labeled water 
(+650& d2H, +56 & d18O). Experiments were done at 70, 40 and 20 �C, and ranged in duration from 1 to 14454 h
(�20 months), to evaluate the rates of deuterium and 18O exchange, and investigate the relative role of exchange and diffusion.
We also investigate the effect of drying on H2Otot and d2H in native and reacted ash that can be used in defining the protocols 
for natural sample preparation. We employ Thermal Conversion Elemental Analyzer (TCEA) mass spectrometry, thermo- 
gravimetric analysis and a KBr pellet technique with infrared spectroscopy to measure the evolution of d2H, total water,
and OH water peaks in the course of exposure experiments, and in varying lengths of vacuum drying.

Time series experiments aided by infrared measurements demonstrate the following new results: (i) It wasobserved that 
from 5 to >100 & d2H increases with time, with faster deuterium exchange at higher temperatures. Times at 15% of theoretical 
“full d2H exchange ” are: 15.8 years at 20 �C, 5.2 years at 40 �C, and 0.4 years at 70 �C. (ii) Even at extended exposure dura- 
tions experiments show no net increase in water weight percent nor in d18O in ash; water released from ash rapidly by thermal 
decomposition is not enriched in d18O. This observation clearly suggests that it is hydrogen exchange, and not water addition 
or oxygen exchange that characterizes the process. (iii) Our time series drying, Fourier transform infrared (FTIR)-KBr and 
Thermogravimetric Analyzer (TGA) analyses collectively suggest a simple mechanistic view that there are three kinds of 
“water” in ash: water (mostly H2O) that is less strongly bonded on the surface of ash particles that are getting lost with 
24–48 h of drying to up to 200–300 �C, bound water in glass in a range of combining proportions of SiOH to H2O, and a
small reservoir of residual, tightly held water.

Experimentation with vacuum drying at 130–220 �C, and with TGA up to 1000 �C provides a set of simple relationships 
and recommendations for users. Ash loses 1–1.2 wt.% water with weight loss stabilizing after 48 h of vacuum drying at 130 �C.
This ash drying removes molecular water over the hydroxyl group in a proportion of �80:20% resulting in relatively constant 
d2H values of the remaining total water in native ash.

This study demonstrates that d2H in ash can be rapidly changed by minor diagenesis even at relatively low temperatures of 
20 �C. A diagenetic history of ash is needed to interpret the D/H ratio, but the d18O values of water in ash are more robust.
� 2013 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION 

The isotopic composition of water has been a tool to in- 
fer modern and past environmental conditions for more 
than 50 years (e.g. Gat, 2010 ). Well-understood, first order 
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correlations of 18O/16O and 2H/H vs. temperature,
amounts of distillation and condensation, latitudes and ele- 
vation for the modern world (Dansgaard, 1964; Rowley 
et al., 2001 ) permit “uniformitarian” application of these 
ratios to paleo-environments (e.g. Bindeman and Serebrya- 
kov 2011 ). Hydrogen and oxygen isotopes in secondary 
minerals or hydrated glass record weathering signatures.
They may preserve these signatures if not affected by sec- 
ondary exchange (Friedman et al., 1985, 1992 ) and provide 
information on paleo-temperatures as well as rain shadows 
and ancient topography (Chamberlain and Poage, 2000 ).
The d2H in kaolinite (Mulch, 2006 ), and d18O in clay min- 
erals (Chamberlain and Poage, 2000 ), as well as goetite 
(Bao et al., 2000 ), phosphate, and many other minerals 
have been employed. The use of volcanic ash has a partic- 
ular value for both 18O and 2H isotopes (Friedman et al.,
1992, 1993 ) because the ash is produced and spread over 
climatically wide territories nearly instantaneously. As ash 
hydrates without alteration within a few hundreds years 
upon deposition (Friedman et al., 1993 ), a shallowly buried 
blanket of ash can potentially record isotopic values of 
environmental water and provide a snapshot view of pre- 
cipitation across continents or mountain ranges thus pro- 
viding important data on latitudinal, altitudinal, and 
local (e.g. local rain shadow) conditions. Within several 
1000 years of weathering and exposure to an aqueous envi- 
ronment with particular isotopic values, water diffusion
and reaction hydrates the ash (or other substances) to an 
equilibrium value, generally around 4 wt.% water for ash,
less for vitreous glasses. This process yields a hydration 
time of the averaged meteoric and hence climatological 
snapshot during the period of reaction (Friedman et al.,
1993). It is believed that upon completion the secondary 
water does not exchange isotopically with changing envi- 
ronmental waters, and thus these 1000-year scale averages 
of isotopic signal can be trusted in old ashes particularly 
if the deposition is now at different altitudes (due to tec- 
tonic uplift), continental position, or climate.

There have been, however, no laboratory 
investigations of the stability of isotopic bonding of ash 
and hydrated glasses under lower-diagenetic to ambient 
surface conditions (ca. 0–70 �C), and relative rates of 
oxygen vs. hydrogen isotope exchange with environmen- 
tal water. Extensive laboratory work was conducted on 
hydration and its mechanisms of polished obsidian sur- 
faces under higher-temperature conditions (Anovitz
et al., 2009 ). By exposing obsidian to isotopically-labeled,
alternate sequences of water, 18O labeled water, and pure 
deuterium oxide at 150 �C these authors conclude that 
overprinting occurs with each new solvent front over 
short, 10 days or less time periods. While this change oc- 
curs for new, in-diffused molecular water that does not 
have time to hydrolyze the SiO 2 lattice, they also note 
the apparent alteration of “intrinsic” water in obsidian 
(Anovitz et al., 2009 ). Other work (Riciputi, 2002; Ano- 
vitz et al., 2004, 2008 ) employed depth-profiling by SIMS 
to investigate shallow diffusion profiles during water–glass
interactions well below the glass transition temperature.
Aside from early microscopic and mechanical alterations 
obsidian manifestly is not in equilibrium with water.
For these tiny quantities of water an equilibrium state 
would have the aqueous portion expressed primarily as 
OH.

Just as the molecular description of water itself is largely 
in terms of hydrogen bonding, water in silica whether as 
OH or molecular water reflects the physical properties gov- 
erned by the strengths of these bonds (Christy, 2010; Vella 
et al., 2011 ). As a consequence virtually all the hydrogen in 
hydrated silica ash is not only site bound to its associated 
oxygen but strongly coordinated to nearby water locations 
of either OH species.

We conducted long-term (up to 14,450 h) experiments at 
low, environmentally-relevant temperatures of 20, 40, and 
70 �C, which are meant to test the ability of ash to retain 
or record the changes of water concentrations and water iso- 
topes in the near-surface to lower-diagenetic environments.

2. METHODS 

2.1. Starting ash material and waters 

The 7700 ka Mt. Mazama ash was collected in the Hells 
Canyon landing station area of Idaho (46�05023.8500 N
116�59004.400267m Heller Bar Boat launch Idaho/Washing- 
ton State boundary on the bank of the Snake River),
535 km from its source implying stratospheric transport.
The choice of early Holocene distal ash is justified because 
several 1000 years is sufficient time to realize secondary 
hydration (e.g. Friedman et al., 1993 ). Climate at the site 
has been relatively stable (post-glacial) and the ash has 
not suffered from secondary or diagenetic alteration 
processes.

Quantitative particle size and surface area data on a
Mazama ash sample were measured by a Beckman Coulter 
LS 13 320, multi-wavelength particle size analyzer employ- 
ing a laser light scattering technique. Data are presented 
in Fig. 1, actual size numbers tabulated in the Table A3 
of the Appendix. Microscopic examination of this aerody- 
namically-processed ash revealed that it is fresh (dark in 
cross-polars) and contains less than 1% birefringent pheno- 
crysts or detrital grains.

A chemical analysis of major and trace elements of 
the starting or native ash is given in Table 1.
Recalculating the major element oxide analysis into a
basic SiO 2 framework yields the following chemical 
“formula”: Ca 0.04Na0.11K0.04Mg0.01Fe0.02Al0.19Si0.78O2,
suggesting that the ash is mostly Na-alumo-silica glass 
and is representative of many ash samples from around 
the world.

Both native and reacted ash were examined under a
FEI Quanta 200 ESEM/VPSEM Microscope at the Uni- 
versity of Oregon Camcor facility (Fig. 2a–f). This was 
done for two purposes: (1) to examine the morphology 
of the ash particle and to approximate the surface/volume 
ratio as compared to a sphere of similar volume, and (2)
to determine any morphological changes brought about 
by the exposure to water in the long run and to try to de- 
tect if it caused dissolution or formation of any clay min- 
erals, but none were observed even in the longest-duration 
runs.
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Fig. 1. Particle size distribution in the starting material of distal 
Mt. Mazama ash sample, collected about 537 km from the eruption 
site, the Crater Lake, Oregon. The skewin g to smaller particle s is 
consistent with stratospheric transport and aerial sorting as is 
observed for 1980AD Mt. St. Helens ash collected at a similar 
distance (Sarna-Wo jcicki et al., 1981 ). The particle size analysis of 
Mt. Mazama ash yielded a mean size of 39 lm, a median of 27 lm,
and a specific surface area (surface to volume ratio) of 10652 cm �1

or 1.065 microns �1. With appropr iate unit conversion s and using a
density of 2.2 g/cm 3 and assumi ng spherical geometry correspon ds 
to a specific surface area of �0.5 m2/g. Given the observed 
morpholo gy of Mt. Mazama ash particles and their inferred 
porosity (Figs. 2 and 12 ), the true specific surface area is estimated 
to be 1–1.5 m2/g, in accordanc e with ash surface area measured by 
high-resol ution nitrogen adsorption/de sorption experiments of 
Delmelle et al. (2005), and SEM measureme nts by Mills and Rose 
(2010).

Table 1
Elemental and isotopic analysis of undried starting material.

Normaliz ed major elements Weight % Trace elements ppm CIPW normaliz ation 

SiO 2 70.63 NiO 5.3 Normative mineral Weight % norm 
TiO 2 0.484 Cr 2O3 8.5 Quartz 24.25 
Al 2O3 14.87 Sc 2O3 10.6 Plagiocla se 52.04 
FeO * 2.51 V2O3 52.7 Orthoclase 16.24 
MnO 0.058 BaO 809.0 Diopside 3.11 
MgO 0.76 Rb 2O 54.6 Hypersthen e 1.99 
CaO 2.98 SrO 398.4 Total 97.63 
Na 2O 4.93 ZrO 2 295.0 
K2O 2.65 Y2O3 29.3 
P2O5 0.123 Nb 2O5 7.9 
Total 99.995 Ga 2O3 21.5
d2O �149 CuO 26.0 
d18O bulk ash (airlock) 6.15 & ZnO 59.9 
d18O dehydra ted 6.8 & PbO 12.2 
wt. % H2O �3.8 La 2O3 24.2 

CeO 2 47.7 
ThO 2 4.5 
Nd 2O3 22.7 
U2O3 2.0

* All Fe as FeO 
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The deuterium and 18O enriched water was prepared 
by adding pure deuterium oxide, and 10% H2

18 O Cam- 
bridge Isotope Labs lot number 7G-506, to water deliv- 
ered to the distilled tap in Eugene, Ore (determined to 
be �81.15& d2H, �11.17& d18O). Of the deuterium 
oxide, 0.5428 g was diluted to around 5 l as measured 
by a 6 l Erlenmeyer flask. This enriched water addition- 
ally received 6.831 g 10% H2

18 O, Cambridge Isotope Labs 
lot number PR-16742. The prepared water was analyzed 
for d2H and d18O by H2 and CO 2 equilibration tech- 
niques, and yielded +56.1 & (d18O) and +650 & (d2H)
values.

2.2. Vacuum oven and muffle furnace experiments and TGA 

analysis

Setting up a standard drying time and protocol was an 
important detail of this work which allows the comparison 
of runs at different exposure times. There is considerable 
variability in the loss on dry at all of the vacuum drying 
times. The weight percent water differences were especially 
pronounced when comparing different bulk ash sub lots de- 
spite mixing and homogenizing the total ash amount that 
was collected. The general variability of water content 
was seen in all the TCEA results as well. Preliminary esti- 
mation of loss on drying was done with the native ash in 
a vacuum oven set at a temperature of 130 �C. This drying 
over 24–48 h removed around 1–1.2% water. Further 
weight loss was minimal upon longer duration of vacuum 
drying. Thus a single time of 48 h under vacuum at 
130 �C was set for all samples destined for isotope analysis.

A more sensitive drying analysis was performed using 
thermogravimetric analysis or TGA (Fig. 3), using a TA 
Instruments Thermogravimetric Analyzer (TGA Q500).
Runs consisted of 12–18 mg of ash slowly thermally de- 
gassed (20 �C/min) under a nitrogen atmosphere. The con- 
tinual loss was recorded as percent of original weight versus 
temperature.

Drying to higher temperatures as part of step heating 
analyses and IR standard preparation was done in a digi- 
tally monitored muffle furnace. Starting at 25 �C for the 



Fig. 2. Secondary Electron (SEM) images of reacted and unreacted Mazama ash at different magnifications. (a–c) Native ash, (d–f) ash 
reacted for 7017 h at 70 �C. Notice no morphologica l changes to ash particle s (preservation of the sharp ash ridges), and the preservatio n of 
the smallest particle s. There are no observab le second ary minerals down to the resolut ion of SEM.
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first sequence step, heated native ash samples were with- 
drawn at intervals of 100 �C up to 900 �C and analyzed 
for d2H by TCEA as well as infrared spectroscopy. A sec- 
ond analysis with two side by side sets of samples was also 
performed. This also involved step heating and sample re- 
moval: one sample set was ash reacted for 7300 h in the pre- 
pared deuterium enriched water, the other a second round 
of native ash. Sampling was done at 25, 150, 200, 250,
300, 350, 400, 450, 600, 750 and 900 �C. All these heat pro- 
cessed samples that were subject to mass spectrometry by 
TCEA with infrared analyses were obtained on the (heated)
native ashes only to follow relative losses of molecular and 
lattice bound waters.

2.3. Exposure experiments with Isotopically-labeled water 

Samples of native ash, approximately 100 mg were 
mixed with approximately 3 ml of the prepared water in 
10 ml GasBench exetainers with a rubber air-tight screw 
on top, and placed inside of the GasBench thermal 
block at 70 and 40 �C ±0.1 �C. The 20 �C sample series 
were set aside in the constant room temperature of the 
lab.

A second set of exposure experiments were 
constructed with ash that was first vacuum dried for 
72 h at 130 �C. Durations and outcomes of all 
(ash plus water) experiments are summarized in 
Table 2.

Removal of water was a reaction-terminating event. As 
removal of the overlying water by filtration was difficult,
samples were spun down in a centrifuge and the superna- 
tant was carefully poured off or removed with a pipet.
This was followed by three separate short rinses with dis- 
tilled “Eugene” water (to remove surface water absorbed 
on ash). Each rinse was accompanied by shaking of the 
mixture and centrifugation to settle the solids. Lastly the 
ash was mixed with a volatile organic solvent (early sam- 
ples with ethanol later samples with acetone) with the ash 
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spun down as with the water rinsing steps. Samples were 
then air dried in isolation before drying by vacuum heat- 
ing for many hours (described above). Dried samples were 
capped inside air tight exetainers and stored in a
dessicator.
2.4. Isotope analyses 

The front end TCEA (Thermal Conversion Elemental 
Analyzer, or glassy carbon pyrolysis furnace) continuous 
flow and sampling system at the University of Oregon 
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(Bindeman, et al 2012 ) is coupled through a molecular 
sieve, size exclusion stationary phase chromatography col- 
umn to a large radius MAT253 10 kV gas source isotope 
ratio mass spectrometer (IRMS). Hydrogen isotope mea- 
surements generally consumed 1–3 mg of the ash although 
with water poor samples the amount ranged up to 6 mg.
Samples were loaded and purged with He carrier gas in 
an autosampler. We used three reference standards in each 
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of the analytical sessions (NBS30 biotite, d2H = �66&,
Butte (MT) quartz monzonite biotite d2H = –161.8&,
and RUH2 muscovite, d2H = �98.2&) spanning a range 
of 95 & and with a few exceptions overlapping the ranges 
of the unknowns (see Table 3). We applied a three point 
calibration using offsets between measured and nominal 
d2H values for the mica standards during each analytical 
session.

The analysis for hydrous 18O in native and two 2H-en-
riched, reacted ashes was done with 1–2 mg of ash also 
using TCEA-MAT253 IRMS (see Table 3) and a CO only 
method. Measurements for all ash samples were offset by 
the calculated 18O value for NBS30 biotite. Native ash 
was essentially the reference point against which reacted 
ash was compared (Fig. 7). The absolute value is less impor- 
tant than a relative difference between exposed and non-ex- 
posed ash. Native and exposed ashes were run both with 
and without vacuum drying.

Internal errors with repeated standard analysis in the 
same analytical session typically ranged in ±0.05–
0.1 wt.% water and ±2–3& d2H; the external errors re- 
lated to analysis of ash after handling and drying are esti- 
mated to be larger. While we have not performed strict 
error propagation, the single repeated analysis of ash 
from identical separate experiments with nominally identi- 
cal preparation, handling and subsequent analysis condi- 
tions returns results within 0.2–0.3 wt.% H2O and 5–8&

d2H.
2.5. Infrared (FTIR) analyses of KBr pellets 

Infrared analysis of water concentration and speciation 
in glass has a long and extensive history in geological sci- 
ences (Stolper, 1982 ), including the studies of fluid and melt 
inclusions (Bartholomew and Butler, 1980; Newman et al.,
1986; Wakabayashi, 1989; Me ´trich and Wallace, 2008 ).
Typically determining water concentration in small and 
irregular glass fragments requires cutting and polishing as 
part of the process of obtaining reproducibly precise path 
lengths. By contrast the use of weighed and pelletized sam- 
ples in KBr glass, a technique used for more than 50 years 
(Kirkland, 1955; Romo, 1956; Sobkowiak, 1995 ), is a bit 
less demanding. Samples analyzed by infrared generally fol- 
low a fixed protocol. All samples studied here were a com- 
bination of 10 mg ash mixed with 12 mg potassium 
bromide, carefully weighed, and pressed into a wafer. Infra- 
red grade potassium bromide, Fisher Scientific lot number 
871087, was vacuum dried at 130 �C to remove water and 
a KBr absorption spectrum blank was run to ascertain 
there were no water contaminant absorbances (Fig. 8) in 
the wavelength window of interest. Sample homogenization 
was accomplished by extensive grinding of the ash and KBr 
in an agate mortar and pestle. This mixture was pressed 
into a 7 mm die with a hand press (Aldrich Quick Press pel- 
let kit p/n Z506761). The pellet was cut from the die with a
small razor knife and generally recovered as a major frag- 
ment of the circle. Sample path length was determined with 



Table 2
A capsule view of the experime ntal design of reacted Mazama ash.

Prior 
treatment 

Immersion 
temperature 
(�C)

Immersio n
times (h)

Goal Outcome 

None Not 
applicable 

0 Establish 2H concentratio n in native ash Baseline of 2H (�149&) for all dried 
native ash runs 

None 20 1494 to 
14,454 

Test for temperature dependent 2H uptake in 
native ash 

Temperatur e dependent 2H uptake 
observed 

None 40 171–13,952 Test for temperature dependent 2H uptake in 
native ash 

Temperatur e dependent 2H uptake 
observed 

None 70 48–12,777 Test for temperature dependent 2H uptake in 
native ash, with and without post reaction 
vacuum drying 

Temperatur e dependent 2H uptake 
observed; undried ash much higher 2H
over post reaction dried ash 

None 70 1194 Test for 2H and 18O uptake in native ash 2H uptake accompan ied by little to no 18O
uptake 

None 70 4929 Test for 2H and 18O uptake in native ash 2H uptake accompan ied by little to no 18O
uptake 

None Not 
applicable 

0 Establish 2H concentratio n in successively 
degassed native ash samples 

Native ash degassing 2H baseline set 

None 70 7017 SEM comparis on with native ash samples Samples visually indistingu ishable 
None 70 7353 Test 2H uptake in native ash and examine 2H

uptake in successively degassed ash samples 
Decreasing, finite 2H permeation of all OH 
left in ash 

Vacuum dry 
130 �C, 60 h

20 506–5954 Examine effect of “outer” water removal on 
temperatu re dependent kinetics of 2H uptake 

Rapid 2H uptake kinetics observed 

Vacuum dry 
130 �C, 60 h

40 168–5954 Examine effect of “outer” water removal on 
temperatu re dependent kinetics of 2H uptake 

Rapid 2H uptake kinetics observed 

Vacuum dry 
130 �C, 60 h

70 25–1368 Examine effect of “outer” water removal on 
temperatu re dependent kinetics of 2H uptake 

Rapid 2H uptake kinetics observed 

Vacuum dry 
130 �C, 0–
190 h

70 0–1194 Examine effect of vacuum drying time on 
water% and 2H uptake 

2H uptake occurred without water 
addition 
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a digital micrometer and the value used was an average of 
at least eight separate measurements. Further details on 
FTIR procedure and measurements are provided in 
Appendix A1.

The water concentration values were determined by 
Fourier transform infrared (FTIR) in KBr pellets using 
a literature absorptivity value, e3570 = 80 – (1.36 � CH2O)
(Leschik et al., 2004 ). This entails an iterative procedure 
(see below and Appendix A1) that assumes an initial e3570

(Leschik et al., 2004 ). At each of the sampling 
temperatures for the step-heated ash an infrared spectrum 
was recorded along with the d2H and water by TCEA.
The water values by FTIR were compared with those 
measured by total TCEA extraction. These values agreed 
reasonably well (see Fig. 9). The 7300 h reacted ash was 
of an insufficient amount to provide both TCEA and 
FTIR samples. Native ash samples were taken 
simultaneously at each sampling temperature along with 
reacted ash samples. The infrared spectra from heated 
native ash samples were essentially a proxy for the FTIR 
of reacted ashes had there been enough sample for the 
latter.

3. RESULTS 

3.1. SEM analysis 

Fig. 2 contains representative images of native and re- 
acted ash, showing no visual indication of differences be- 
tween the groups. We observed no secondary minerals or 
other degradation features in the reacted ash down to 0.1 
um resolution. As is evident from fine structures in 
comparisons there is no morphological evidence of 
dissolution even in the hottest, longest-duration run, as 
silica solubility is about 300 ppm at 70 �C (Siever,
1962).
3.2. Thermogravimetric analysis results 

The TGA heating results in the stepwise removal of 
molecular and OH-bound water from ash, and the pattern 
of high temperature weight loss is the same for the native 
ash and ash pre-dried in a vacuum oven at 130 �C prior to 
TGA analysis (Fig. 3). The important observation is that 
the rate of water loss from ash is minimal up to 200–
250 �C drying temperatures, after which the slope greatly 
increases (Fig. 3). This suggests that the vacuum drying 
protocols that we employed affect primarily the most 
loosely bound water. The other important observation is 
that the D/H ratio stays relatively constant during this 
drying (Fig. 10 ). Above these temperatures featureless,
monotonic decline of weight is observed until 600 �C
and �0.5 wt.% residual water. A more rapid collapse of 
the remaining �0.5 wt.% water to nearly 0% occurs be- 
tween 600 and 630 and then to 900 �C. This region of stea- 
dy water loss is accompanied by slow increase in the d2H
values.



Table 3
Summary of results from TCEA analysis .

Immersio n length N d2H& SMOW r wt.% H2O r

0 h exposure 2 �157.7 0.4 2.66 0.02 
0 h exposure 2 �155.0 0.6 2.34 0.00 
0 h exposure 2 �151.6 1.5 2.72 0.02 
0 h exposure 2 �147.3 1.3 2.36 0.01 
0 h exposure 3 �141.3 2.9 2.41 0.08 

Native ash reaction series: 70 �
48 h immersio n 2 �141.4 4.8 2.70 0.04 
48 h immersio n 2 �145.9 0.6 2.83 0.07 
146 h immersio n 2 �136.7 3.6 2.49 0.09 
146 h immersio n 2 �139.8 0.1 2.51 0.01 
239 h immersio n 1 �135.3 2.66 
239 h immersio n 2 �142.8 10.1 2.67 0.01 
239 h immersio n 2 �139.2 2.6 2.82 0.03 
239 h immersio n 2 �138.0 5.9 2.90 0.02 
835 h immersio n 2 �129.1 3.4 2.51 0.09 
835 h immersio n 2 �130.8 2.4 2.58 0.07 
835 h immersio n 2 �114.3 0.9 2.83 0.03 
1194 h immersio n 2 �123.2 1.0 2.44 0.01 
1194 h immersio n 2 �123.0 3.1 2.48 0.09 
1194 h immersio n 2 �117.1 3.1 2.51 0.02 
1194 h immersio n 2 �94.6 7.6 2.90 0.02 
2838 h immersio n 3 �63.0 2.4 2.86 0.02 
3345 h immersio n 3 �42.0 5.9 2.92 0.24 
4929 h immersio n 2 10.9 4.5 3.22 0.24 
12777 h immersio n 3 67.4 4.5 2.53 0.63 

Native ash reaction series: 40 �
171 h immersio n 2 �140.1 5.5 2.80 0.04 
171 h immersio n 2 �142.6 4.7 2.90 0.00 
171 h immersio n 2 �144.8 2.7 3.02 0.03 
171 h immersio n 2 �154.7 2.8 3.08 0.10 
435 h immersio n 2 �155.6 0.4 2.94 0.21 
435 h immersio n 2 �144.5 0.9 2.95 0.10 
435 h immersio n 2 �144.2 3.7 2.97 0.04 
435 h immersio n 2 �148.8 9.1 3.08 0.22 
600 h immersio n 2 �140.6 5.0 2.99 0.06 
600 h immersio n 2 �141.6 3.3 3.03 0.03 
600 h immersio n 2 �143.6 5.8 3.08 0.04 
600 h immersio n 2 �152.7 4.3 3.11 0.05 
2450 h immersio n 3 �134.7 4.4 2.54 0.20 
2450 h immersio n 3 �137.2 1.7 2.95 0.05 
8480 h immersio n 3 �121.3 6.1 2.87 0.20 
13952 h immersio n 3 �122.4 1.9 2.59 0.11 

Native ash reaction series: 20 �
1494 h immersio n 3 �140.9 1.1 2.39 0.03 
5064 h immersio n 3 �133.5 4.1 2.63 0.01 
8982 h immersio n 3 �143.2 1.3 2.76 0.12 
14454 h immersio n 3 �138.4 2.9 2.67 0.04 

Pre-dried ash reaction series: 70 �
25 h immersio n 3 �117.5 1.4 2.29 0.06 
74 h immersio n 2 �121.5 3.2 2.68 0.22 
74 h immersio n 3 �122.6 2.1 2.74 0.10 
168 h immersio n 3 �87.9 2.8 2.55 0.02 
361 h immersio n 3 �96.3 21.2 2.32 0.08 
1368 h immersio n 3 �18.9 7.9 2.46 0.03 

Pre-dried ash reaction series: 40 �
168 h immersio n 3 �130.9 1.0 2.54 0.24 
361 h immersio n 3 �132.5 4.0 2.38 0.05 
2018 h immersio n 3 �98.0 4.5 2.88 0.03 

(continue d on next page )
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Table 3 (continued)

Immersio n length N d2H& SMOW r wt.% H2O r

5954 h immersio n 3 �104.8 0.4 2.53 0.02 

Pre-dried ash reaction series: 20 �
506 h immersio n 3 �138.9 5.9 2.57 0.05 
2018 h immersio n 3 �140.5 1.2 2.38 0.07 
5954 h immersio n 3 �126.7 3.5 2.59 0.06 
Variable drying time series: no drying 

0 h immersion 2 �140.1 0.95 3.78 0.04 
0 h immersion 2 �137.6 3.92 3.77 0.01 
48 h immersio n 2 �119.0 1.94 3.93 0.04 
146 h immersio n 2 �97.2 5.47 3.50 0.00 
239 h immersio n 2 �103.1 0.45 3.74 0.00 
239 h immersio n 2 �91.4 1.11 3.97 0.08 
835 h immersio n 2 �43.2 0.92 3.84 0.01 
835 h immersio n 2 �37.3 2.32 3.81 0.04 
1194 h immersio n 2 3.3 17.07 4.04 0.04 
7353 h immersio n 3 83.2 1.5 3.68 0.01 
12777 h immersio n 3 180.1 9.9 4.06 0.04 

Variable drying time series: 10 h vacuum drying 

0 h immersion 3 �144.9 0.99 3.72 0.03 
48 h immersio n 3 �127.5 0.29 3.79 0.04 
146 h immersio n 3 �104.4 0.98 2.97 0.06 
239 h immersio n 3 �106.0 0.20 3.64 0.06 
239 h immersio n 3 �95.6 1.30 3.72 0.04 
835 h immersio n 3 �48.6 4.42 3.80 0.10 

Variable drying time series: 40 h vacuum drying 

0 h immersion 2 �151.6 1.53 2.72 0.02 
48 h immersio n 2 �145.9 0.62 2.83 0.07 
146 h immersio n 2 �139.8 0.08 2.51 0.01 
239 h immersio n 2 �139.2 2.59 2.82 0.03 
239 h immersio n 2 �138.0 5.91 2.90 0.02 
835 h immersio n 2 �114.3 0.88 2.83 0.03 
1194 h immersio n 2 �94.6 7.57 2.90 0.02 

Variable drying time series: 48 h vacuum drying 

1194 h immersio n 2 �123.0 3.10 2.48 0.09 

Variable drying time series: 160 h vacuum drying 

835 h immersio n 2 �129.1 3.39 2.51 0.09 
1194 h immersio n 2 �123.2 0.98 2.44 0.01 

Variable drying time series: 190 h vacuum drying 

0 h immersion 2 �147.3 1.33 2.36 0.01 
48 h immersio n 2 �141.4 4.76 2.70 0.04 
146 h immersio n 2 �136.7 3.58 2.49 0.09 
239 h immersio n 2 �142.8 10.14 2.67 0.01 
239 h immersio n 1 �141.6 2.66 
835 h immersio n 2 �130.8 2.43 2.58 0.07 
1194 h immersio n 2 �117.1 3.13 2.51 0.02 
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3.3. d2H, d18O, and total H2O in time series experiments 
3.3.1. Deuterium TCEA mass spectrometry results 

Note the variability in the 0 hour immersion time ash 
samples. These represent samples taken from a number of 
separate batches or lots and reflect, just as the weight water 
variations reflect, heterogeneity of the ash. The zero time 
value for all the reaction series is an average of these 11 val- 
ues (Table 3). Perhaps the most important result of our 
experiments is the observation of a curvilinear increase in 
d2H value in ash exposed to 650 & water for progressively 
longer times (Fig. 4), and no such trend for H2Otot and
d18O (see below). The rate of deuterium uptake in each of 
the isothermal time series measured from 48 to 14,454 h
or roughly 602 days (�532 days for the 70 �C series) ini- 
tially followed a generally linear trends for most of the 
exposure time (Fig. 4a–c). The rates of uptake are high:
we are able to measure higher d2H values in a matter of 
few days with ash incubated at 70 �C. As expected the rate 
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of uptake is increasing from 20, 40 to 70 �C time series 
experiments. Results are tabulated in Table 3.

The rates of reaction for ash that was dehydrated prior 
to immersion measured from 25 to nearly 6000 h or 
roughly 250 days (�57 days for the 70 �C series) also ini- 
tially followed a generally linear trend (Table 3, Fig. 5a–
c). However, we observe that all rates at each temperature 
are much higher than the corresponding ones for the na- 
tive (not dehydrated) ash (Fig. 4a–c). Slopes for each 20,
40 and 70 �C time series experiments again successively in- 
crease with temperature. Each of the rates in Fig. 5 is
highest at shorter reaction times, moderating at longer 
periods. While the initial rates are linear in time the slopes 
are better described with a small polynomial correction,
which also fits a limited site Langmuir absorption model 
(Fig. 4a). In particular and in concert with Doremus
(2000) the behavior is described by the Langmuir 
formalism:

h ¼ af =ð1þ af Þ ð1Þ

where a is a proportionality constant and f is fugacity and h
is the fraction of sites where absorption has occurred.

3.3.2. Total H2O through time 

We observe that while there is a significant increase in 
d2H in either native or pre-dried ash experiments, there is 
no net uptake of water (Figs. 4d, 5d, and 6). To verify this 
important result we experimented with samples of native 
ash, and identically followed our experimental immersion 
protocol: weighed, immersed in water for 3 weeks, centri- 
fuged then washed with solvent and dried by air evapora- 
tion of solvent. On re-weighing they showed no net 
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uptake of water. The weight differences of +0.40% and 
�0.17% (relative error) are within the accuracy of this han- 
dling procedure and balance uncertainty. Ash dried to over 
1% weight loss slowly regains only 0.3% in air (9 months) or 
upon immersion in water. Ash dried by about 2% weight 
loss is distinctly hydrophobic and gain even less water on 
hydration. This set of experiments suggests that while 
undergoing D/H exchange, the native ash is not gaining 
water weight (Fig. 6). This is fully consistent with the fact 
that the ash has had several millenia to equilibrate with 
water and there is no chemical potential driving force to 
possible deliquescence or further hydration. Replacement 
of degassed SiOH and molecular water by rehydration is 
not simply reversible to its original state (D’Souza and 
Pantano, 2002 ).

3.3.3. 18O TCEA mass spectrometry results 

In order to estimate if there is a net 18O uptake via water 
in ash during exposure to +56 & d18O we used the TCEA’s 
CO method to measure 18O/16O ratio of rapidly released 
water by the thermal decomposition of ash (Fig. 7). The 
d18O in ash was compared with d18O water extracted from 
NBS30 biotite standard that was analyzed concurrently by 
TCEA in the same analytical session. Given the bulk 
NBS30 d18O value of 5.12 & and the að18Osilicate–OHÞ fraction-
ation for biotite (Zheng, 1993 ) a calculated d18O for NBS30 
OH was compared to the measured, rapidly extracted water 
d18O of NBS30, and corrected to �22.26& by way of set- 
ting a standard reference point for measured d18O. This va- 
lue is depleted by �27.4& relative to the bulk d18O value of 
NBS30 biotite. The native ash value by TCEA corrected by 
the same NBS30 offset was �23.0&. The bulk or lattice 
oxygen value of d18O in ash measured in airlock chamber 
by laser fluorination is �7&, i.e. about 2& heavier than 
NBS30 biotite (cf. Mandeville et al., 2009 ). Employing the 
same analysis invoked in establishing the biotite OH d18O
from its bulk and the að18Osilicate–OHÞ fractionation for biotite 
(Zheng, 1993 ), the bulk ash d18O by calculation translates 
to �20.4& for its OH (aqueous) portion. Thus it appears 
that a similar, að18Osilicate–OHÞ ¼ 1:028 applies to ash. The 
að18Osilicate–OHÞ fractionation for biotite, estimated by an 
increment method, varies within narrow bounds for other 
hydrous minerals (Zheng, 1993 ). This exercise validates that 
notion by closely matching the d18O measured in ash to the 
d18O calculated from the bulk value in ash.

The possibility exists that there is also an isotope ex- 
change between the rapidly released water and silicate 
portion of the ash during a few seconds of thermal 
decomposition, but the observations above suggest that 
these are relatively minor. The actual values of d18O
water in ash are, however, relative (Fig. 7a and b). De- 
spite the rapid increase in d2H in exposed ash, this trend 
is not mirrored in d18O values. We conclude that there is 
no measurable d18O exchange in the water portion of ash 
that we can resolve analytically in samples run identi- 
cally. As d18O exchange is likely to proceed via water 
migration, the lack of water uptake (Fig. 6) and d18O ex- 
change can be considered as mutually confirming results.
The lack of d18O also confirms that lattice reaction, SiO 2
hydrolysis and OH addition, are not occurring. The phe- 
nomenon of deuterium uptake without 18O increase has 
been observed elsewhere at much higher temperatures 
for water and clay mineral interactions (O’Neil and 
Kharaka, 1976 ).

3.4. Results of Infrared measurements of ash pressed in KBr 

pellets

The 45% ash/55% KBr pressed pellets mixtures were 
examined by FTIR. A blank with pure potassium bromide 
pellet was devoid of water and detail as shown in Fig. 8 and
in contrast to the characteristic OH and H2Omol absor-
bances observed for all ash pellets.

At around 3570 cm �1 the absorbance is a composite of 
SiOH, AlOH, H2O and possibly other (MOH, M = cation)
functional groups and at 1640 cm �1 the molecular water 
peak is observed. Deuterium substitution is too dilute here 
to be seen in the infrared. As the absorptivity coefficient e
for ash in KBr mixtures is not known we used a published 
e of 80 � (1.36 � CH2O) (Leschik et al., 2004 ) that gave a lin- 
ear fit and good agreement with TCEA-determined total 
water concentrations (Fig 9). The choice of e in the range 
of 60–80 does not affect the measure of fit but rather trans- 
poses the whole set of IR determined water percents up or 
down with a non-zero intercept. Increasing amounts of 
water in silica depress the value of e causing the deviation 
from linearity.
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3.5. Step heating experiments, evolution of water, and d2H

values

These sets of experiments were conducted with a sepa- 
rate batch or lot native ash and one 7300 h reacted sample 
in order to (1) establish the d2H at all amounts of remaining 
water in the native ash after increasing amounts of thermal 
degassing and (2) compare the amount of deuterium found 
in the remaining ash water after step wise removal or degas- 
sing of water.

The d2H and H2O effects out of the step heating exper- 
iments are depicted in Fig. 10 below with data summa- 
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rized in the Appendix. Initially the loss of water and 
change in d2H values for native ash follow very closely 
what would be predicted from an open system 2H water 
loss to vapor following a Rayleigh fractionation scheme 
(e.g. Taylor et al., 1983 ). The nearly constant slowly trend- 
ing negative d2H values persist until about 1.5–2% water is 
lost. This d2H value trend reverses becoming increasingly 
positive by the last few tenths of a percent of water 
remaining. It is possible this last 0–0.4% percent is a rem- 
nant of the original, degassing magmatic water (Cameron,
2010) but the issue is outside the scope of this paper. The 
high to low d2H degassing profile for the 7353 h reacted 
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ash sample (Fig. 10 b) is consistent with a picture of pro- 
gressive (outside to inside) loss of high d2H surface water 
that is lost first followed by degassing of “deeper” water.
Significantly, deuterium substitution is seen at all levels 
of remaining water in excess of that seen in degassed na- 
tive ash.

3.6. TCEA mass spectrometry, drying and infrared 

determination

Samples of progressively degassed ash were examined 
for water concentration and speciation using the KBr pellet 
technique described above. The results are summarized in 
Fig. 11a. Temperatures at or below �600 �C, the glass tran- 
sition, do not reset the speciation ratio in terms of values 
for water and OH in glass (Sowerby and Keppler, 1999 ).
Samples from each of the step heating intervals within this 
temperature range thus contain generally accurate SiOH/ 
H2O ratios dictated by the remaining amount of water in 
ash. It is apparent that as drying proceeds, the diminished 
water in ash is increasingly accounted for by OH. This shift 
in relative proportions reflects a fundamental change in the 
molecular environment of ash water as “outer” layers are 
removed by drying. A sense of inner and outer must be 
viewed cautiously though as surface SiOH groups in close 
proximity require a much lower temperature to give up 
water than surface SiOH separated at larger distances or 
geminal OH (Sneh and George, 1995; D’Souza and Pant- 
ano, 2002 ). The nature of the bonding and configuration
between SiOH and two waters, possibly a water dimer, is 
less localized than the direct hydrogen bond that secures 
a single water molecule to SiOH. Hydrogen that is less 
Surface to 
volume ratios: 0.122
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Fig. 12. (a and b) Estimatin g the specific surface area of ash particles (as c
size distribu tion (Fig. 1) and SEM photograph s (Fig. 2). (a) The most com
Fig. 2). (b) Absorptio n and in-diffusion in a sphericall y-symmetric solid i
that with time the diffusion front in the random shape becomes more sphe
cracks or intrinsic microchanne ls in the ash as well as water films along mi
are shown.
strongly coordinated electrostatically as in the first case of 
SiOH:H2O (1:2) is certainly a better candidate for exchange 
than the one held between two oxygen atoms, that is 1:1,
2:1, etc as in the case of SiOH:H 2O. The speciation ratios 
in Fig. 11a correspond closely to published low temperature 
IR speciation data (Sowerby and Keppler, 1999 ), numbers 
from Langmuir speciation theory (Doremus, 2000 ), and 
these are compared in Fig. 11b.

4. DISCUSSION 

The discussion below summarizes results from different
methods employed in this investigation, proposes a simple 
exchange-diffusion model, discusses applications of these 
results to natural ash studies, and sample preparation 
protocols.

4.1. Summary of observations 

(1) The time series exchange experiments (Figs. 4 and 5)
show a rather simple semi-linear increase initial in d2H with 
time. Samples incubated at 70 �C with 650 & d2H water 
gain approximately 5& d2H in as little as 48 h (Fig. 4). This 
represents 0.625% exchange in a reaction that theoretically 
progresses from starting d2H value of �145& to the final
+590&, representing ash in full equilibrium with +650 &
water. With increasing exposure time at 70 �C to 5000 h,
these values linearly increase to over 100 & d2H uptake,
or 12.5% reaction progress, longer exposure results in 
slower rates of deuterium uptake. The d2H increase is 
correlated with temperature with proportionately lower in- 
creases seen at 40 and 20 �C (Figs. 4 and 5).
0.189

a

cropore infilling Paths to remnant 
bubbles

ompared the sphere of the same volume) based on measured sample 
monly observed morphology of Mazama ash: prism with ridges (e.g.
s contrasted with variable morphol ogies of Mt. Mazama ash. Note 
rical. Hypothetical fast mechanism s of D/H exchange along micro- 
cro-crack s reaching possible water-filled remnant bubbles in the ash 



G.S. Nolan, I.N. Bindeman / Geochimica et Cosmochim ica Acta 111 (2013) 5–27 19 
(2) Remarkably, these increasing d2H values occur with 
no net uptake of water (Fig. 6), nor any appreciable in- 
crease in d18O of water in ash (Fig. 7 above). These results 
suggest that the deuterium increase is apparently due to 
proton absorption and exchange, and not due to water or 
oxygen addition or in-diffusion. This decoupling exchange 
from water is a prominent outcome of all our experiments 
of various durations and set ups.

(3) Our observations of a Langmuir-type response is clo- 
sely tied to a fundamental construct in water speciation in 
glass (Doremus, 2000 ). The notion of limited site absorp- 
tion underscores the dominant role of surface processes in 
the deuterium increases in the ash. Initial linear d2H in- 
creases moderating through time are consistent with a mod- 
el of reasonably rapid surface site occupations, saturation,
followed by more strenuous absorption reaction conditions.
We thus propose a “differential activity surface hydrogen ”
model (or DASH), that absorption on the large surface area 
of the ash plays the most prominent role in exchange. We 
estimated above that Mt. Mazama Ash has �1 to 1.5 m2/
g specific surface area (Figs. 1 and 12 ). Supporting the 
DASH model, our experimentation with a sample im- 
mersed in 650 & d2H water for over 300 days at 70 �C, de- 
gassed and sampled at increasing temperature intervals 
(Fig. 10 b), demonstrating the the loss of initially very high 
d2H chemically absorbed surface water (see Table 4).

Increased temperature (Fig. 10 b above) of degassing re- 
sults in the release of progressively less enriched d2H water.
However, water remaining in the ash is still enriched with 
up to 20 & d2H even at 0.10% of remaining water when 
compared to native ash. This incremental analysis supple- 
ments and demonstrates the validity of the cartoon notion 
on Fig. 12 b showing a step-function hydration front on 
the surface proceeding inward for each of the ash particles.
This also supports our conclusions of the DASH model 
above on the predominance of the surface dynamics (i.e.
assessibility of progressively more tortuous internal sur- 
faces, micro-cracks, and internal bubbles) relative to the 
true volume in diffusion. These have the effect of extending 
or depressing the Langmuir curve over what would be ex- 
pected for a constant reaction rate seen in the initially linear 
plots.

(4) Following a relatively rapid surface reaction, move- 
ment of deuterium into the “interior” of ash particles is a
significant part of the rate determining mechanisms. Our 
longest-duration run at the highest temperature of 70 �C
(12,777 h, Fig. 4a) demonstrates that there is a change 
Table 4
Mass balance calculated deuterium concentratio ns lost between 
steps of degassi ng seen in Fig. 10 b tabulated by increments of water 
lost. High amounts of deuterium are seen in the first released water.
Subsequent released water though enriched shows a rapid decrease 
in deuterium concentratio n.

Successive degassed H2O% d2H of released water 

0.55 561 
0.63 70 
0.65 60 
1.25 �67 
0.24 �78
from surface absorption in the most accessible sites. The 
mechanism evolves to a combination of in-diffusion and 
absorption involving sites that are “deeper” or reactively 
more difficult to access. This starts around 4929 h. We 
suggest that this observation may signal that all the shal- 
low sites on the ash were saturated and that the role of a
more slow process of deuterium in-diffusion becomes 
important. This is in concert with hydrogen bonding con- 
siderations discussed below in Section 4.3. Fig. 13 demon-
strates the volume change given measured ash size 
distribution (Fig. 1) as a function of diffusion depth. This 
spherical model for particles (Figs. 13 and 12b lower left)
is a useful demonstration of how stepwise glass in the out- 
ermost microns of large particles, as well as the smallest 
ash particles in their entirety are transformed (“con-
sumed”) into glass in d2H isotopic equilibrium with ambi- 
ent +650 & d2H water. For example, at 1 micron, 32% of 
the total ash volume has been diffusively penetrated. More 
realistic representations (Fig. 12 b) illustrate the interplay 
of the DASH model with the effects high surface area,
particle irregularity, and porosity have in progressively 
exposing more reactive sites for volume in-diffusion and/ 
or hydrogen bond penetration as immersion times were 
increased.

(5) Ash that was dried to lower water concentrations 
(from 3.8 to 2.5 wt.%) before the experiment and then ex- 
posed to isotopically-labeled water for an equal amount of 
time, gain deuterium at a faster rate but in a similarly ini- 
tial linear fashion (but again not water, nor 18O) as com- 
pared to native and not pre-dried ash (Fig. 5a–c above).
This ash dried at 130 �C to less than 3% both before 
and after reaction evinces a high amount of substitution 
of about 18% after 1400 h as seen in Fig. 5. Thus remov- 
ing �1.3 wt% of presumably the outermost water layers 
from native ash creates a “surface reactivity ” of the ash 
that is similar if not identical to the surface of native 
ash (Fig. 14 ).

(6) Reacted ash not subject to post-reaction vacuum dry- 
ing shows more pronounced d2H uptake: 21% uptake in 
1194 h, 44% after 12,777 h (70 �C, undried ash d2H values 
in Fig. 14 ). As seen in fig. 14 the initial rates for undried 
70 �C ash and pre-dried ash (Figs. 5a and 14) are essentially 
identical. The 70 �C reaction plot from Fig. 4a is included 
for comparison. These identical rates for native and pre- 
dried ash illustrates the dominance of chemical or hydrogen 
bonding in determining relative reactivity to deuterium ex- 
change. If for example mechanical effects (i.e. diffusion)
were responsible for the lower rate seen in Fig. 4a then 
the ash subject to prior drying should evince some latency 
in reaction as an induction via diffusion brings deuterium 
to the remaining reaction sites. Instead high initial rates 
in Fig. 5a are seen. Thus for deuterium moving through 
the “outer” 1% of water in native ash the notion of diffusion
is inextricably tied to the network of chemical bonds. There 
is a surface water potential that must be overcome for deu- 
terium to exchange with water at the analytical water 
weight percent of roughly 2.5%. That is over 1% water in 
the native ash that is present between the outermost substi- 
tution sites and those that begin at 2.5% functions as a
physical and hydrogen bonded network that is both a med- 
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ium for exchange and a network of bonds that must be bro- 
ken and remade as deuterium finds its way “in”. In addition 
the chemical potential at the ash water/aqueous phase inter- 
face is highest when water first encounters the ash surface 
then lessens as a microscopic, metastable equilibrium is ap- 
proached. The strength of hydrogen bonding is not to be 
underestimated. The pKa of the acidic proton in SiOH in- 
creases from around 4.5 to 8.5 as the hydrogen atom is sub- 
jected to neighboring SiOH H-bonding (Ong and Zhao,
1992).

4.2. Simple kinetic explanations of results observed 

Below we present a simple mechanistic model of surface 
reaction–diffusion process in volcanic ash, pictured in 
Figs. 12 and 13 .



1 Whether the proton diffusion is mediated by translational 
motion of water moving through pores, etc., the “vehicle mecha- 
nism ” (Kreuer, 1996 ) or by successive handing off from localized 
site to site, the Grotthuss mechanism (Agmon, 1995; Kreuer, 1996;
Cukierman, 2006 ), the net result is the same. An issue with water as 
the carrier of protons (deuterons) is that water penetratio n would 
have to be highly reversible when the reactio n is terminat ed. Once 
the reacted ash is flushed with acetone and/or dried all the outside 
reaction or deuterium enhanced water has to exit the way it came.
Parsimony informs proton hopping site to site as more likely.
Finally as deuterons are the species of interest doing the moving,
the rate would be expected to be 

p
2 less than that for the proton 

(Kreuer, 1996 ).
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Isotopic exchange in the ash/water system can be de- 
scribed by the following expression:

@ð2HÞ=@t ¼ D2H@
2ð2HÞ=@x2 þDH2O@

2ð2H2OÞ=@x2

þRA½A� ð2Þ

where the first two terms are Fick’s second law diffusion
expressions for deuterium and water expressed separately 
and are in-diffusion fluxes associated with deuterium and 
water molecules and their corresponding diffusion coeffi-
cients in porous rhyolitic glass, d2H and DH2O respectively.
The quantity RA represents a surface reaction (D/H ex- 
change near-surface, see above) rate constant, and [A] is 
the number of accessible OH sites. This constant depends 
on two important considerations: (1) the strength of the 
various hydrogen bonds binding protons and water to the 
substrate and (2) the strength of the OH bond that must 
be broken to accommodate the formation of the new OD 
bond. That is there are intermolecular and intramolecular 
bonds that influence the strength of water and proton adhe- 
sion in ash.

Given our observations above that water in diffusion
plays almost no role on the timescales involved (and result 
in no water uptake or changes in 18O), we can drop the sec- 
ond diffusion expression term.

@ð2HÞ=@t ¼ D2H@
2ð2HÞ=@x2 þRA½A� ð3Þ

Because there is an initial linear increase in deuterium 
concentration through time, we suggest that RA[A]�D2H

o2(2H)/ox2 initially as is argued above. The accessible sur- 
face is viewed as having a certain depth of penetration, in 
the order of single micrometer, as well as tortuosity 
(Fig. 12 b). While the rate of exchange, RA[A] decreases 
with time as available sites become used up, there is 
some increase in surface area due to slow penetration 
by protons, new thin cracks, and bubbles inside ash 
particles.

On short timescales (10–15% of total exchange), the 
hydrogen in diffusion rates is slow; and upon integration,
the deuterium concentration in bulk ash is simply a linear 
function of time:

2H ¼ RAtþ 2Hinitial ð4Þ

On longer timescales when the surface and cracks are 
penetrated to micrometer depths, the reaction rate becomes 
a combination of diffusion and surface bond breaking and 
making.

Diffusion in porous silica is much faster than in vitreous 
silica or obsidian. Typical of glass is a coefficient around 
1 � 10�5 lm2 s�1 at 200 �C (Wakabayashi, 1989 ) and for 
obsidian about 8 � 10�8 lm2 s�1 at ambient temperatures 
(Anovitz et al., 2004 ). By contrast water diffusion coeffi-
cients in porous silica can range from 750 to 1400 lm2 s�1

depending on porosity (Fukuda et al., 1989 ) with 
484 lm2 s�1 also reported for a pore restricted silica (Veith
et al., 2004 ). Water diffusing within itself has a value of 
2300 lm2 s�1 (Fukuda et al., 1989; Veith et al., 2004 ).
Proton diffusion in silica is extensively documented 
(McKiernan et al., 1994; Nogami et al., 1998; Godet and 
Pasquarello, 2006 ) and coefficient values of around 
1000 lm2 s�1 are reported for diverse materials such as naf- 
ion (a polymer) (Paddison et al., 2001 ) and perovskites 
(Mu ¨nch et al., 2000 ).1

Ash while having a much higher surface area 
(1–2 m2/g) and porosity than obsidian has a lower surface 
area than the 100’s of m2/g typical of lab silica-gel of sim- 
ilar particle size (Zhuravlev, 1987; Nogami et al., 1998 ).
The lab silica-gel has Angstrom-size pores, which appears 
absent in natural ash. Ash thus falls somewhere along this 
implied continuum of porosity and surface area between 
vitreous glass and porous silica. In this regard it is instruc- 
tive to examine the 0.55% outer ash water value in Table 4
which is essentially in isotopic equilibrium with the ambi- 
ent +650 & water. Using the universal value for all hy- 
drated silica species of 4.9 SiOH/nm 2 (Zhuravlev, 1987 )
and allowing for 2H 2O per ½SiOH (speciation value for 
high weight percent water) this 0.55% would require a sur- 
face area of about 15 m2/g. This estimate is �10 times 
higher than our estimate for ash surface area of 1.5 m2/g
above. It is, however, within the range of surface areas 
estimated by a study in which nitrogen-absorption em- 
ployed in BET measurements was compared to water- 
absorption (Delmelle et al., 2005 ). The authors found 
water monolayers sampled 2–6 times greater surface area 
than nitrogen due to the surface binding characteristics 
of water not present with non-polar nitrogen (Delmelle
et al., 2005 ).

4.3. Different kinds of water in ash, their bonding 

environment, and isotope exchange 

Our observation that d2H decreases rapidly with drying 
or degassing suggest that there is an important surface 
bound water population, and that a surface-controlled 
reaction determines the outset of d2H exchange. The degas- 
sing is accompanied by a distinct shift in water speciation in 
the ash seen in Fig 11 with water speciation (H2O/OH) of 
the least strongly held water at 2:1. This water is directly 
or indirectly bound by hydrogen bonds to a water network 
and ultimately to SiOH. This outer network of hydrogen 
bound water is at once both capable of rapid hydrogen–
deuterium exchange at the outermost regions and functions 
as a potential barrier to further hydrogen or deuterium pen- 
etration given the strength of hydrogen bonding. Again, the 
high reactivity that resulted from stripping outer water 
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away before reaction (by drying Figs. 5 vs. 4, 14) demon- 
strates how these outer bound waters can function as an 
impediment to exchange. Further, once a population of 
deuterium sites forms at and away from the water-ash inter- 
face the chemical potential driving force diminishes some- 
what as a deuterium concentration gradient sets in. This 
gradient diminishes the reaction driving force as the local 
deuterium concentration on reacted ash sites approaches 
equilibrium.

The IR speciation data (Fig. 11) of progressively de- 
gassed samples demonstrates this outer 2:1 (molecular to 
SiOH water) layer gives way to ratios closer to 1:1 at great- 
er progress of the degassing reaction. Finally with lower 
remaining total water amounts the ratio goes down further 
to 1:2 (water:SiOH). As degassing proceeds, the SiOH that 
remains at increasingly higher temperatures requires more 
and more energy to be removed in accordance with their 
structural and bonding relationships in the ash. The 
amount of molecular water that remains even when most 
of the total water is driven off suggests that the last rem- 
nants of hydrogen bound molecular water to SiOH ap- 
proaches the stability of OH to Si bonds themselves. The 
bonding relationships in the context of speciation are ex- 
plained in Fig. 15 . As the amount of water is decreased in 
glass the energy required to pull molecular water off a fully 
hydroxylated surface increases substantially to beyond nor- 
mal hydrogen bond strengths (Sneh and Cameron, 1996 ).
All hydrogen bonds are not of equal energy.

Finally the increasing temperature required for water re- 
moval in ash and glass in general suggests that lower tem- 
Chemical bonds

SiOH/H2O

(weight:weight)

0.50 0.76

Total water 

(weight %)

3.93 3.08

Lattice bond 
behind plane 

Lattice bond 
above plane 

Hydrogen 
bond

Fig. 15. Conceptual representatio n of water position and speciat ion on th
relative to hydrogen bonds in the course of degassing. The top row demon
to the various speciation ratios. A high number of water molecules con
associated with hydroge n bonds, as a number of subsidiary electrostatic i
close. As the ratio goes down, there is less ability for charge relaxation a
H2O scenario depicts commo n geminal OH groups on silicon but the SiO
from Doremus (2000).
peratures correspond to “outer” water and higher 
temperatures to “inner” water. These degassing tempera- 
tures, however, are highly dependent on the configurations
of SiOH groups and in part how close they are to one an- 
other. Removal of surface SiOH from glass (D’Souza and 
Pantano, 2002 ) follows a temperature profile strikingly sim- 
ilar to Fig. 3. It is entirely possible that the deuterium sub- 
stitution is entirely concerned with disrupting a surface 
hydrogen bond network and apparent diffusion confined
to micron or sub-micron molecular distances. The entire 
mechanism thus reduces to RA[A] (above) with the last re- 
calcitrant reaction sites being the tightest held hydrogen 
sites combined with shielding by the more active, already 
deuterium substituted sites.

4.4. Deducing rates of hydrogen exchange by Arrhenius 

relationship

The reaction of deuterium exchange is modeled as pseu- 
do-first order as the deuterium in water concentration 
changes little:

½Ash sites �=½Ash sites �0 ¼ e�kt ð5Þ

where k is the temperature dependent reaction constant and 
t is time.

Modeling as first order kinetics also allows computation 
of the activation energy given experimental results at three 
temperatures of 70, 40 and 20 �C. A second order kinetic 
model is possible but does not impart significantly different
information for the effort. First order (or pseudo first order)
1.08 1.97

2.05 1

e surface of ash particles explaining relative increase in SiOH bonds 
strates the important chemical bonding relationsh ips correspon ding 
greg ated around a SiOH bonding site diffuse the charge polarity 

nteractions bind water to itself, perhaps other SiOH, or whatever is 
nd water is more tightly bound to substrate. The final 2:1 SiOH to 
H groups could also reside on different silicon sites. Numbers are 



-16

-14

-12

-10

-8

-6

-4

0.0028 0.0029 0.003 0.0031 0.0032 0.0033 0.0034 0.0035

ln
 k

1/T  (degrees K)

Ea = 59.5 kjoule/mole

Fig. 16. The Arrhenius plot for three temperatu res (20, 40, and 
70 �C) of the experiments . The slope correspon ds to the activation 
energy of hydroge n exchange divided by the gas law constant R.
Notice small value of the activation energy for hydrogen exchang e
in volcanic ash, compara ble to other hydrogen-bea ring com- 
pounds, see Section 4.

G.S. Nolan, I.N. Bindeman / Geochimica et Cosmochim ica Acta 111 (2013) 5–27 23 
kinetics creates the special case where the half life of the 
reaction can be determined. That the reaction is of first or- 
der is independently confirmed by plotting ln[moles Ash 
sites], sites described by Langmuir theory and a steadily 
decreasing quantity, versus time and observing a linear set 
of data with the slope of the line yielding k, the reaction 
constant. The initial molar rates are easily calculated from 
the initial d2H/h slopes in Fig. 4a–c.

A plot of ln(k) vs. 1/ T (�K) (Fig. 16 ) yields linear fit with 
the activation energy Ea of 59.5 kJ/mole. This low value of 
Ea obtained for our ash water experiments compares with 
deuterium-hydrogen exchange in other compounds and sys- 
tems: 51 kJ/mole for Mg(BH4)2 and D2 (Hagemann et al.,
2010), 57 kJ/mole in isobutane–aluminosilicate zeolite ex- 
change (Truitt et al., 2006 ), and 69.7 kJ/mole between poly- 
crystalline ice-water (Lu et al., 2009 ), the latter example was 
described as exchange mediated by diffusion along grain 
boundaries with some similarities to our model above.

An important point of this analysis is the question of 
time scales for the process of exchange, and these are sum- 
marized in Table 5 using the half life expression (Eq. (6)).

kt1=2 ¼ 0:693 ð6Þ

Extrapolating the Arrhenius regression line to 0 �C indi- 
cates that at this low temperature the half life is about 
380 years. In at least the case of the 70 �C reaction the half 
life must be viewed as a lower bound as the reaction rates 
moderate in time. By extrapolation along the line for longer 
times in Fig. 15 for example a realistic half life is closer to 
2.9 years at 70 �C. For the lower temperature reactions the 
rate of deuterium movement within the ash may be better 
paired against the H–D exchange rate and thus these half 
Table 5
A summary of deuterium exchange reaction outcomes.

Temperatur e �C Initial rate 
d2H/hr 

Estimated time to 
15% reaction (d2H f
to �39&) (years)

70 0.0306 0.40 
40 0.0026 5.23 
20 0.0008 15.84 
lives may be more realistic, that is the Langmuir curve is 
closer to a linear approximation. Finally it is important 
to note that all the reaction temperatures in the kinetic 
analysis are for deuterium exchanging with hydrogen well 
within the total hydration “sphere” of the ash. That is all 
the reaction going on in the first 1.2% of ash is subtracted 
out by vacuum drying allowing only a snapshot of what 
was going on at the 2.5% level when the reaction was 
stopped. True “pure” deuterium-hydrogen exchange and 
associated kinetics occurr at the outermost portions of the 
native, unaltered ash, and as seen in Fig. 15 these rates 
are much higher. It is by convention with earlier work 
(e.g. Friedman et al., 1992 ) that drying before analysis is 
performed and thus this choice of a kinetic framework.

4.5. Implications for paleo-climate studies 

Overall it is clear from this work that there is a dynamic 
relationship that exists between the protons in accessible,
hydrous portions of naturally occurring glasses and envi- 
ronmental water.

Results of these experiments put quantitative limits on 
reliability of d2H in ash in paleo-climate studies that are pri- 
marily controlled by the isotopic environments and temper- 
atures. We hypothesize that hydrogen–deuterium exchange 
occurs through surface correlated water in addition to diffu-
sion with the latter having a rate determining effect. The first
process is very rapid (years at 20–40 �C of mean annual tem- 
perature on the surface). However, such hot temperatures 
only exist in desert or equatorial-like environments. As sea- 
sonal changes in d2H in water are also expected, we note that 
the annual cycle at 0–20 �C will not be able to severely affect
the d2H of the ash. However, a prolonged (see Table 5 for
years) exposure to isotopically-distinct water will clearly 
lead to an alteration of D/H ratios.

On the other hand oxygen incorporated into glasses dur- 
ing the process of hydration and/or weathering appears to 
be stable in the presence of later water as we do not observe 
signs of additional water incorporation into ash nor d18O
exchange. We suggest studying d18O in the water portion 
of ash may be a better approach.
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Table A1 
Summary of IR data.

Temp A3500 A1647 Thickness 
(cm)

% ash IR 
H2O

Speciatio n
ratio 

First step heating 

25 2.085 0.94 0.0149 0.4433 3.42 0.62 
100 1.285 0.605 0.0129 0.4225 2.52 0.53 
200 1.76 0.884 0.0168 0.4279 2.62 0.43 
300 1.511 0.7 0.0161 0.451 2.21 0.54 
400 1.212 0.434 0.0171 0.4545 1.64 0.97 
500 0.708 0.154 0.0184 0.4581 0.87 2.21 
600 0.282 0.048 0.0127 0.4559 0.50 3.07 
700 0.274 0.055 0.0151 0.466 0.40 2.45 
800 0.148 0.038 0.0166 0.4579 0.20 1.32 
900 0.195 0.052 0.0227 0.421 0.21 1.59 

Second step heating 

25 1.563 0.777 0.0183 0.4256 2.13 0.44 
150 1.71 0.78 0.0171 0.4515 2.36 0.40 
200 1.68 0.782 0.0154 0.4476 2.61 0.72 
250.1 2.19 0.962 0.0211 0.4466 2.48 0.65 
250.2 2.008 0.958 0.0188 0.452 2.52 0.51 
300 1.815 0.853 0.0185 0.4471 2.34 0.52 
350 1.466 0.568 0.0169 0.441 2.08 0.84 
400.1 1.32 0.497 0.0228 0.4465 1.36 0.87 
400.2 1.327 0.498 0.0228 0.4465 1.36 0.88 
450 1.14 0.309 0.0182 0.4572 1.44 1.60 
600.1 0.545 0.106 0.0178 0.451 0.70 2.58 
600.2 0.558 0.098 0.0191 0.452 0.67 2.96 
600.3 0.524 0.092 0.0191 0.452 0.63 2.96 
750 0.356 0.069 0.0233 0.45 0.35 2.57 
900 0.28 0.067 0.0187 0.4752 0.32 1.89 

Vacuum-dried native ash 

130 C 1.651 0.682 0.0187 0.4537 2.06 0.73 
130 C 1.866 0.805 0.0187 0.4537 2.34 0.66 
130 C 1.246 0.534 0.0188 0.4515 1.54 0.65 
130 C 1.385 0.638 0.0188 0.4515 1.72 0.54 
130 C 1.368 0.589 0.0188 0.4515 1.70 0.64 
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APPENDIX A

A.1. IR summary 

All infrared samples were run on a liquid nitrogen 
cooled detector, Thermo Nicolet NEXUS 670 FTIR spec- 
trometer coupled to a Nicolet Continu lm Infrared 
Microscope (model no. 912A0429). The number of acqui- 
sitions was always 512 and background correction was 
simply the sodium chloride plate (that the pellets were 
rested upon) and air. The spectra were recorded in absor- 
bance mode and baseline corrections were made using the 
Nicolet software to fit the usually sloping baseline be- 
neath the peak. Concentrations were calculated from 
absorbances using the formula below (Leschik et al.,
2004),

CH2Ot ¼MH2OA3570=qde3570

where MH2O is 18 the molecular weight of water, A3570 the
total water absorbance centered around this frequency in 
cm�1, q is the density of the glass, d the path length,
and e3570 is the Beer’s Law extinction coefficient or 
absorptivity in appropriate units (l mol �1cm�1) such that 
CH2Ot comes out in weight fraction. A similar expression 
is used for the molecular water absorbance only that exists 
at around 1640 cm �1 and possesses a separate unique 
e1640:

CH2Om ¼MH2OA1640=qde1640

Subtracting CH2Om from CH2Ot affords a reckoning of 
both molecular water and SiOH as water. For the 
isotopically shifted OD absorbance the same expression 
exists for the peak at around 2650 cm �1 likewise with 
its own e255 0. Infrared analysis of water in glass in effect
treats the glass as solvent and as such requires a density 
correction. Wafers were constructed and difference
weighed, die alone and die with pellet. Thickness was 
determined as above with a digital micrometer again 
while the sample was in the die. This exercise yielded a
value of 2.2 g/cm 3.

The value of e is not constant with water weight (Leschik
et al., 2004 ) and these authors formulated an expression for 
e in terms of water concentration especially pertinent to val- 
ues of water greater than 2 wt.%:

e3570 ¼ 80� ð1 � 36ÞðCH2OtÞ

This works best as an iterative procedure by assuming 
some initial e and calculating the provisional CH2Ot . Con- 
centrations were initially determined employing an e value
of 74 which falls in the range described in two separate IR 
studies of 60 (Yokoyama et al., 2008 ) and 80 (Leschik
et al., 2004 ). These trial CH2Ot values were substituted into 
the e357 0 expression and new CH2Ot values determined, etc.
The process converges rapidly. Molecular water e value of 
55 was obtained from an earlier paper (Newman et al.,
1986).
Initial preparations were done to optimize the ash to 
KBr ratio, which turned out to be about 45% ash/55%
KBr. The mixture determination was done in 
concert with determining a total mixture amount that 
could be easily handled once pressed into a wafer and 
as a second criterion passes sufficient infrared 
radiation to be useful. Samples were weighed to a total 
of about 200 mg. Tables A1 and A2 summarizes the IR 
data.

A.2. Step heating data 

A.3. Particle size analysis 

A.4. Kinetic analysis 

The molar amount of ash participating in the reaction is 
taken to be the number of deuterium substitution sites at 
equilibrium. In principle any proton bound to oxygen is eli- 



Table A2 
Summary of step heating sequence s.

N d2H& SMOW r wt.% H2O r

Step heating 1: native ash sampling temperature 

25 3 �140.9 3.6 3.89 0.07 
100 3 �141.4 2.4 3.78 0.04 
200 3 �143.0 0.9 3.71 0.04 
300 3 �145.4 1.6 3.27 0.08 
400 3 �146.9 0.8 2.36 0.02 
500 3 �141.2 1.3 0.97 0.03 
600 3 �138.6 1.5 0.47 0.01 
700 3 �119.6 5.5 0.17 0.01 
800 5 �104.0 4.5 0.08 0.01 
900 4 �86.3 14.0 0.05 0.00 

Step heating 2: native ash sampling temperature 

25 2 �140.8 0.4 3.61 0.12 
150 2 �142.2 3.0 3.69 0.07 
200 2 �144.0 0.4 3.53 0.33 
250 2 �144.8 1.2 3.63 0.00 
300 3 �144.7 1.5 3.46 0.03 
350 3 �148.3 1.2 2.45 0.13 
400 3 �149.2 2.1 2.26 0.08 
450 3 �151.6 2.6 1.50 0.01 
600 3 �146.1 2.2 0.49 0.01 
750 2 �119.4 10.8 0.12 0.01 
900 2 �84.2 0.5 0.07 0.00 

Step heating 2: reacted ash sampling tempera ture 

25 3 83.2 1.5 3.68 0.01 
150 3 87.7 2.7 3.64 0.08 
200 3 91.5 2.1 3.69 0.07 
250 3 83.8 1.3 3.68 0.10 
300 3 65.2 4.0 3.64 0.05 
350 3 �22.4 9.7 3.10 0.29 
400 3 �46.2 1.7 2.47 0.04 
450 3 �84.4 4.3 1.81 0.11 
600 3 �124.1 2.4 0.56 0.02 
750 2 �114.6 4.0 0.32 0.04 
900 1 �63.7 0.14 

Table A3 
Raw data: particle sizes.

Diff.
volume%

�2 S.D. diff.
volume%

+2 S.D. diff.
volume%

Channel diameter 
(center) lm

0.000528673 0.000229173 0.000828173 0.0419094 
0.000684536 0.000316122 0.00105295 0.0460065 
0.00107724 0.000528192 0.00162628 0.0505046 
0.00212693 0.00106493 0.00318892 0.0554422 
0.00445109 0.0022005 0.00670168 0.0608623 
0.00839999 0.00411073 0.0126892 0.0668123 
0.0131885 0.00649283 0.0198842 0.0733442 
0.0178463 0.0090038 0.0266888 0.0805144 
0.0224423 0.0116565 0.0332281 0.0883854 
0.0274538 0.014738 0.0401696 0.0970269 
0.0328456 0.0182392 0.0474519 0.106514 
0.0381923 0.0219388 0.0544459 0.116928 
0.0435605 0.0257812 0.0613398 0.128356 
0.0491379 0.0299934 0.0682823 0.140902 
0.0548829 0.0347565 0.0750092 0.154677 
0.0608511 0.0400543 0.0816479 0.1698 
0.0672833 0.0459107 0.088656 0.186402 
0.0744749 0.0525866 0.0963632 0.204622 
0.0824796 0.0603485 0.104611 0.224626 
0.0913268 0.0692841 0.113369 0.246587 
0.100845 0.0790905 0.122599 0.270696 
0.110943 0.0897435 0.132142 0.297162 
0.121251 0.100911 0.141591 0.32621 
0.131893 0.112771 0.151015 0.3581 
0.142944 0.12522 0.160668 0.393112 
0.154852 0.138585 0.171118 0.431541 
0.167488 0.152704 0.182271 0.47373 
0.180839 0.167456 0.194222 0.520044 
0.194818 0.182519 0.207117 0.570884 
0.209669 0.197689 0.22165 0.626698 
0.225353 0.212783 0.237923 0.687967 
0.241779 0.227733 0.255826 0.755224 
0.2589 0.24263 0.275171 0.829053 
0.276858 0.257964 0.295752 0.9101 
0.295758 0.274069 0.317447 0.999088 
0.315525 0.291123 0.339927 1.09676 
0.336217 0.309208 0.363225 1.20394 
0.357903 0.328651 0.387154 1.32166 
0.380853 0.349749 0.411956 1.45087 
0.405172 0.372685 0.437659 1.59272 
0.431218 0.397697 0.464739 1.74845 
0.459369 0.425151 0.493588 1.91936 
0.490291 0.455559 0.525022 2.10701 
0.524585 0.489387 0.559783 2.31298 
0.562865 0.527034 0.598697 2.53909 
0.605782 0.568997 0.642567 2.78732 
0.65399 0.615914 0.692065 3.05982 
0.708185 0.668523 0.747848 3.35895 
0.768555 0.727053 0.810056 3.68734 
0.835101 0.791485 0.878717 4.04785 
0.907387 0.861462 0.953313 4.44357 
0.98517 0.936774 1.03356 4.87799 
1.06793 1.01692 1.11894 5.35488 
1.15507 1.10117 1.20896 5.87836 
1.24579 1.18867 1.30291 6.45303 
1.33968 1.27895 1.4004 7.08389 
1.43723 1.37265 1.50181 7.77644 
1.53934 1.47066 1.60801 8.53671 
1.64739 1.57401 1.72077 9.37131 
1.7623 1.68325 1.84136 10.2877 

(continue d on next page )

G.S. Nolan, I.N. Bindeman / Geochimica et Cosmochim ica Acta 111 (2013) 5–27 25 
gible to react which in this case would be a molar amount 
represented by the approximately 3.8% total water in ash.
The actual molar amount of deuterium in the aqueous 
phase is small, around 2.57 � 10�4 moles. Thus by the dic- 
tates of deuterium isotopic equilibrium between water and 
silica (a = 1.043) only a tiny fraction of OH sites in ash will 
react to form O2H. On the other hand the 650 & d2H water 
is in great excess. This facilitates the choice of first order or 
more particularly pseudo-first order kinetics.

Our observations lead to the following set of recommen- 
dations for users who prepare ash for analysis:

(1) Gravimetric loss on dry experiments coupled with a
comparative TGA analysis between native and dried 
ash (Figs. 3 and 6) show that a 48 h period of vacuum 
drying is sufficient to remove around 1–1.2% of water 
in ash. Infrared analysis of ash dried under vacuum 
at �130 �C shows the loss of molecular water and 
hydroxyl loss in roughly 80:20 proportion with only 
a small (several permil) decrease in d2H of remaining 
water in ash. Further step heating experiments on 
native ash up to around 200 �C show d2H of the 



Table A3 (continued)

Diff.
volume%

�2 S.D. diff.
volume%

+2 S.D. diff.
volume%

Channel diamet er 
(center) lm

1.88597 1.8002 1.97174 11.2932 
2.02064 1.92776 2.11352 12.397 
2.1693 2.06941 2.26918 13.6092 
2.33187 2.22483 2.43891 14.9398 
2.5029 2.38818 2.61762 16.4002 
2.67086 2.54868 2.79305 18.0034 
2.82108 2.69448 2.94767 19.7635 
2.94309 2.81688 3.0693 21.6959 
3.03355 2.91188 3.15522 23.8171 
3.09813 2.98141 3.21485 26.1451 
3.14631 3.02868 3.26393 28.7008 
3.18546 3.05688 3.31403 31.5067 
3.21798 3.06896 3.36701 34.5874 
3.23759 3.06978 3.4054 37.9687 
3.23177 3.06705 3.39648 41.6802 
3.18606 3.05778 3.31435 45.7552 
3.09108 3.01838 3.16378 50.2284 
2.95412 2.8905 3.01774 55.1385 
2.80275 2.74043 2.86507 60.5292 
2.67765 2.61458 2.74072 66.4467 
2.62234 2.37602 2.86867 72.9427 
2.65144 2.18362 3.11926 80.0739 
2.73219 2.15595 3.30843 87.9024 
2.77549 2.3205 3.23048 96.4946 
2.66114 2.34877 2.97351 105.93 
2.3053 1.54989 3.06071 116.289 
1.73587 0.582761 2.88898 127.656 
1.08582 0 2.24256 140.133 
0.537431 0 1.35982 153.833 
0.195727 0 0.621364 168.871 
0.049843 0 0.200311 185.378 
0.00817387 0 0.03948 203.504 
0.000749054 0 0.004002 83 223.402 
1.86E-05 0 0.000101 587 245.243 
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remaining water in ash stays relatively constant 
(Fig. 10 a) and starts to slowly decrease until the 
ash is heated to past 250 �C. Thus, we recommend 
that vacuum drying for no more than 48 h at 120–
130 �C is necessary for a deuterium isotope analysis.
Prior to vacuum drying, we recommend acetone sol- 
vent drying as a useful part of sample preparation, as 
acetone does not exchange deuterium with water, and 
is easy to physically separate from ash, strips H2O off
surfaces, and evaporates readily.

(2) The vacuum-dried ash is not hygroscopic to any signif- 
icant extent, and this is different than some clays (smec-
tites in particular). We found that exposing ash to 
“wet” Eugene lab air for 24 continuously to 6000 h
result in �0.1% initial and ultimately �0.3 wt.% water 
uptake. Even long-term vacuum-dried ash dumped 
into water (then treated with solvent, and rapidly dried 
in air), absorbs minor water amounts and does not re- 
hydrate to its original state. Vacuum-dried ash at 
220 �C is distinctly hydrophobic. Rehydration in ash 
likely proceeds by hydrolysis of strained SiO 2 rings cre- 
ated during vacuum drying and loss of SiOH water.
This is the fundamental fact regarding water uptake 
in ash: without SiOH groups, themselves produced 
only slowly until equilibrium, no further water can 
be taken up. It is recommended that the ash is stored 
in regular dessicators with water absorbers.

(3) Infrared analysis of ash by KBr wafer preparation 
techniques can yield quantitative data on total water 
in ash and water speciation for samples prepared in 
an identical way, however, calibration of [H 2O]tot

by an independent method (e.g. TCEA in this study)
is required. Water speciation analysis is more robust 
as internal normalization of SiOH to H2Omol tends to 
cancel errors associated with the uncertainties above.
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