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Introduction:  Ammonia dihydrate (ADH) is very 

likely to be the most significant mineral after water ice 
in the mantles of ice rich moons orbiting Saturn, Ura-
nus and Neptune [1].  It allows for low temperature 
melting, and is invoked to explain a wide variety of 
geological processes observed on these bodies.  The 
physical properties and phase relations of ADH are 
poorly constrained [2].  There were two previously 
known phases (I and II) at low pressures [3-5].  ADH I 
(stable at ambient presure) has a cubic unit cell but the 
structure of ADH II (stable above ~4.5 kbar) is un-
known.  The wider context of this study in our pro-
gramme of using neutron diffraction to study planetary 
ices is given in a companion abstract [6]. 

Experimental:  We carried out experiments on 
deuterated ADH using two instruments at the ISIS neu-
tron spallation source, Rutherford Appleton Labora-
tory, U. K. To determine the thermoelastic properties 
of the low pressure phase (ADH I); and to establish the 
structure of ADH II, we used the High Resolution 
Powder Diffractometer (HRPD), and to study the phase 
behaviour of ADH up to ~ 10 GPa we used the 
PEARL-HiPr diffractometer.   In both experiments, 
deuterated ADH was loaded into sample containers in 
the liquid state with blobs of silica wool to promote the 
nucleation of a random powder.  The PEARL experi-
ment also called for the use of a pressure calibrant, and 
a chip of polycrystalline lead was used. 

The HRPD study:  At atmospheric pressure we 
collected time-of-flight neutron diffraction patterns 
from ADH powder at 2 K intervals during cooling from 
174 K down to 4.2 K.  We also collected patterns upon 
warming (at 20 K intervals) from 40 K - 160 K, follow-
ing a 36 hour period of annealing offline at 120 K. 

The high-pressure experiment was conducted using 
an aluminium gas pressure cell with He as a pressure 
transmitting medium.  Neutron diffraction patterns 
were collected from a powder of ~90 % ADH I + 
~10% ice Ih in ~500 bar increments from 400 - 4600 
bar  at 174 K.  At the maximum rated pressure of the 
gas cell (4.6 kbar) the phase change to ADH II had not 
occurred, so we increased the temperature from 174 K 
to 179 K and saw the sample melt to a slurry of ice IX 
crystals and ammonia-water liquid.  After cooling back 
to 174 K, the sample recrystallised over several hours.  
The new diffraction pattern seems to be a complex 
polyphase mixture of dihydrate phase II, monohydrate 
phase II, ice IX, and possibly ice II as well.  As a re-

sult, we have not been able to index the ADH II pat-
tern. 

The HRPD experiment resulted in the first meas-
urement of the thermal expansivity and bulk modulus 
of ADH I.  This work was published in 2003 [7], but 
the following results of the high-pressure study are 
presented here for the first time. 

The PEARL study:  Using the Paris-Edinburgh 
large-volume press, we were able to compress about 
50mm3 of ADH to 8.7 GPa at temperatures between 
170 - 200 K.  In so doing, we observed at least four, 
and possibly six, new high-pressure structures.  At no 
time did we observe a diffraction pattern similar to that 
of ADH II.  Up to 2 GPa, we observed two new phases 
- ADH III and IV.  Above ~ 5 GPa we also observed 
two new phases - ADH V and VI.  ADH VI appears to 
be a substitutionally and orientationally disordered 
body centred cubic crystal similar to phase VI of am-
monia monohydrate [8], and possibly part of a solid 
solution series between AMH VI and ice VII.  In the 
intervening pressure range, 2 - 5 GPa, two poorly char-
acterised phases were seen which require additional 
study; we call these Intermediate Phases A and B.  It 
seems likely that with longer annealing, these phases 
would yield better powders and sharper diffraction 
patterns. 

Our observation belie those of Boone [2], who con-
cluded, on the basis of optical studies with a diamond 
anvil cell, firstly that there were no phase changes from 
0 - 2.5 GPa, and secondly that ADH 'decomposed' to 
AMH + ice at pressures in excess of 2.5 GPa (depend-
ing on temperature). Our observations also do not 
agree with the recent work of Mousis et al. [9].  Their 
melting experiments have been interpreted as meaning 
that a step jump occurs in the peritectic at ~ 0.5 GPa, 
possibly requiring the existence of two new high-
pressure phases.  Instead, our observations of the melt-
ing line agree better with Hogenboom et al. [4].  The 
steep peritectic of Mousis et al. [9] at 0.5 GPa implies 
that a deep subsurface ocean inside Titan could be 
floored by high-pressure phases of ADH. Our work 
suggests otherwise. 

Implications:  In the pressure range appropriate to 
large icy moons (0 - 2 GPa, at 100 – 300 K), we have 
discovered at least two new phases of ADH (phases III 
and IV) about which we know very little, except that 
they exist.  We have also accurately measured key 
thermoelastic properties of ADH I.  With this work, 

Lunar and Planetary Science XXXV (2004) 1254.pdf



 

 

and in future studies using HRPD and PEARL in 2004 
we will progressively improve our ability to model the 
interiors of ammonia-bearing icy moons, and under-
stand how thermal expansion and phase changes could 
have shaped their geological evolution.  There is 
clearly a conflict in measurements of the melting point 
of ADH in the 0.4 – 0.8 GPa region, which potentially 
has a bearing on the internal structure of  Titan. 
 

Figure captions:  Diffraction patterns of the high-
pressure phases: 

a) ADH III at 0.56 GPa, 170 K.  Red stars mark the 
strongest peaks from the Pb pressure calibrant, and the 
green dagger indicates the strongest peak due to the 
tungsten carbide anvils of the Paris-Edinburgh Cell. 

b) ADH IV at 0.66 GPa, 200 K formed by pressure 
freezing the liquid.  Peaks from the Pb pressure cali-
brant are marked with red stars. 

c) ADH V at 8.1 GPa, 200 K.  This structure has a 
very simple pattern.  The three strongest peaks from 
the sample are marked with blue stars.  The peak at a 

d-spacing of ~ 2.38 Å is superposed on the Pb [002] 
peak and actually has an intensity the same as the peak 
at 2.25 Å. 

d) ADH VI at 8.6 GPa, 170 K.  This diffraction 
pattern bears a striking similarity to the pattern of 
monohydrate phase VI [8].  The ADH VI pattern can 
be fitted with a model structure similar to AMH VI 
which is body-cented-cubic and both substitutionally 
and orientationally disordered.  Peaks from the ADH 
are marked with blue stars. 
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