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Abstract 
 
The possible presence of the high-density carbon polymorph with 
hexagonal symmetry known as “lonsdaleite” provides an important 
marker for shock impact events. It is typically considered to form as a 
metastable phase produced from graphite or other carbonaceous 
precursors. However, its existence has recently been called into 
question. Here we collected high-resolution synchrotron X-ray 
diffraction data for laboratory-shocked and natural impact diamonds 
that both show evidence for deviations from cubic symmetry, that 
would be consistent with the appearance of hexagonal stacking 
sequences. These results show that hexagonality can be achieved by 
shocking diamond as well as from graphite precursors. The diffraction 
results are analyzed in terms of a general model that describes 
intermediate stacking sequences between pure diamond (fully cubic) 
and “lonsdaleite” (fully hexagonal) phases, with provision made for 
ordered vs disordered stacking arrangements. This approach provides 
a "hexagonality index" that can be used to characterize and distinguish 
among samples that have experienced different degrees of shock or 
static high pressure-high temperature treatments. We have also 
examined the relative energetics of diamond and “lonsdaleite” 
structures using density functional theoretical (DFT) methods. The 
results set limits on the conditions under which a transformation 
between diamond and “lonsdaleite” structures can be achieved. 
Calculated Raman spectra provide an indicator for the presence of 
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extended hexagonal stacking sequences within natural and 
laboratory-prepared samples. Our results show that comparable 
crystallographic structures may be developed by impact-generated 
shockwaves starting from ambient conditions using either of the two 
different allotropes of carbon (diamond, graphite). This broadens the 
scope for its occurrence in terrestrial and planetary systems.  
 
Keywords:  Diamond, graphite, Raman spectroscopy, shock, X-ray 

diffraction, lonsdaleite, stacking disorder, hexagonality. 

 
Highlights 

 

 Hexagonal features can form in diamond shocked to 60 GPa so that 

observations of “lonsdaleite” do not require precursor graphite. 

 Coexisting hexagonal and cubic diamond features in laboratory-

shocked and impact diamond is explained by stacking disorder. 

 A metastable pathway for formation of mixed cubic-hexagonal 

carbon phases is proposed, that can explain fast energetic shock 

formation of both “lonsdaleite” and impact diamond.   

 Raman spectra for hexagonal diamond calculated from first 

principles provide a marker for the presence of extended hexagonal 

sequences in diamond. 

 We briefly review the status of nomenclature for diamond the 

mineral, the element and cubic-hexagonal polytypes. 

 
1. Introduction 
 
Since the discovery of hexagonal symmetry in diamond from the iron 
meteorite Canyon Diablo in Meteor Crater, Arizona, the identification 
of “lonsdaleite” has been interpreted as occurring via shock-
transformation of graphite (Bundy and Casper, 1967; Frondel and 
Marvin, 1967; Garvie and Nemeth, 2009; Lonsdale, 1971; Roy et al., 
1981; Sharp and DeCarli, 2006). “Lonsdaleite” was identified on the 
basis of X-ray crystallographic reflections additional to those of cubic 
diamond, that could be indexed on a hexagonal cell. Single crystals of 
“lonsdaleite” were first reported in natural samples of regionally 
metamorphosed rocks from Russia (Shumilova et al., 2011).  
Hexagonal diamond with preferred orientation has been synthesized 
in large volume high pressure (HP) experiments at a wide range of 
temperatures, identified in situ by synchrotron X-ray diffraction 
(Utsumi and Yagi, 1991; Utsumi et al., 1994). “Lonsdaleite” has also 
been observed in other synthesis studies, including during the thermal 
decomposition and HT annealing of diamond to graphite (Blank et al., 
2011), by CVD growth on a Si substrate (Chiem et al., 2003) and as 
polytypes and twins formed by high pressure-high temperature 
(HPHT) treatment of graphite (Kulnitskiy et al., 2013). The HPHT 
synthesis of the apparently fully hexagonal polymorph of carbon was 
first reported (Bundy and Casper, 1967) in the same year that it was 
recorded to occur in natural samples from the Canyon Diablo iron 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

meteorite and Goalpara ureilite (Hanneman et al., 1967). The name 
“lonsdaleite” was proposed and accepted to designate this as a new 
mineral phase (Frondel and Marvin, 1967).   
 
The formation mechanism, structural description and even the 
existence of “lonsdaleite” is currently the focus of renewed 
research(Nemeth et al., 2014). Transmission electron microscopy 
(TEM) observations of mixed hexagonal and cubic phases in shocked 
graphite have provided a new nanoscale understanding of the phase 
behavior. (Nemeth et al., 2014) presented results of a study that 
demonstrated that the hexagonal symmetry attributed to “lonsdaleite” 
could instead be produced by twinning and stacking faults. A new 
approach pioneered by Salzmann et al (2015) assessed the degree of 
disorder arising from interlaced cubic-hexagonal stacking which can 
be achieved in materials including those related to diamond and 
“lonsdaleite”. Analysis of published X-ray diffraction data suggests that 
the highest fractions of hexagonal stacking in claimed “lonsdaleite” 
materials are below 60% (Salzmann et al., 2015). Samples of the pure 
“lonsdaleite” phase were only reported recently for the first time. The 
fully hexagonal sp3-bonded carbon polymorph was achieved in shock 
synthesis experiments at peak pressures in the170-230 GPa range at 
calculated T = 6000-7000K, close to the solid-liquid phase boundary 
(Kraus et al., 2016). These studies used pyrolytic non-porous graphite 
as a precursor material. 
 
Impact diamond is considered to be a diagnostic mineral for shock 
metamorphic events in terrestrial impact craters (Bunch et al., 2008; 
Hough et al., 1995; Schmitt et al., 2005; Shelkov et al., 2010). Impact 
diamond usually occurs in plate-like form consistent with replacement 
of graphite. It exhibits X-ray and Raman characteristics of cubic and 
hexagonal symmetry. The impact diamond fractions can be physically 
separated by acid dissolution methods (Hough et al., 1995). 
 
The presence of “lonsdaleite” or hexagonal diamond is widely cited as 
providing evidence for shockwave HP conditions extending into the 
>100 GPa range, in a wide variety of host rocks. Thus, in addition to 
the impact crater-related occurrences (eg (Bunch et al., 2008), 
“lonsdaleite” in ultra-high pressure (UHP) rocks may record shock-
damaged crust (Smith et al., 2011). Hexagonal-diamonds in airfall 
carbon-rich layers of Younger Dryas age, are interpreted as evidence 
for a large cosmic impact at the end of the last ice-age (Israde-
Alcántara et al., 2012; Kennet et al., (2009)) although these data have 
been questioned (Nemeth et al., 2015).   “Lonsdaleite” associated with 
nanodiamond has been reported in interplanetary dust particles 
(IDPs) and widely in meteorites with a variety of growth mechanisms, 
which include primitive nebular vapor condensates, large body HPHT 
growth, collision shock-modification of low-P carbon phases, and 
chemical vapor deposition (CVD), including crystalline graphite 
(Tielens et al., 1987) to which we now add diamond precursors. 
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Here we observe that mixed cubic and hexagonal signatures can also 
be produced in shocked diamond samples.  This discovery not only 
extends the range of diamond occurrence with hexagonal stacking in 
natural systems but it also places constraints on the ongoing debate 
on pre-solar carbon provenance by excluding graphite as a necessary 
precursor (e.g. (Lewis et al., 1989; Tielens et al., 1987).  
 
2. Samples 
 
2.1 Popigai impact diamond  (POP) 
 
This impact diamond represents a shock-metamorphosed mineral 
found in the impact melt-breccias and the impact melt sheet within 
the large ~100 km diameter Popigai crater in Siberia, Russia, which 
formed in the Late Eocene at ~35.7 Ma.  The impact smashed into the 
regional geological Precambrian-Phanerozoic boundary through a 1-2 
km thick cover of sedimentary rocks and >5 km deep into basement 
rocks containing graphite-bearing gneisses, producing peak pressures 
~ 600 GPa vaporizing the ~5 km impactor and leaving ~2000 km3 of 
impact melt in less than one second.   It is estimated that shocked 
graphite was transformed throughout a large central region, within 
~13.6 km of ground zero, into “lonsdaleite”-bearing “impact diamond” 
(Masaitis V, 1998).  The impact diamond appears as microcrystalline 
(~ 1 micron) aggregates paramorphous after graphite retains mm-
scale physical features like cleavage and twinning attributed to 
graphite, and has diagnostic optical birefringence (<0.020) in ~0.2 
mm grains.  The Popigai impact diamond contains up to ~50% 
diamond and 50% diamond-related materials with significant 
hexagonal characteristics, interpreted as “lonsdaleite”. Similar impact 
diamond is known from other continental impact craters (Hough et al., 
1995; Koeberl, 2002; Masaitis V, 1998; Schmitt et al., 2005).   
 
2.2 Experimentally shocked diamond (DeCarli) 
 
Shock experiments were carried out in 1960 at Stanford Research 
Institute by P. DeCarli* using a large diameter (65mm) single-stage gas 
gun. The natural diamond sample was a ~1 carat gem quality 
octahedral type II (low nitrogen) inclusion-free flawless gem (as 
viewed with x10 hand lens). This was mounted in pure copper and 
surrounding momentum traps, designed to avoid reverberation from 
reflected shock waves.  The diamond sample was mounted at ambient 
temperature in vacuum and shocked to propagate a single plane-wave 
shock calculated to produce a peak impact pressure of 60 GPa.  The 
disrupted copper and diamond samples were collected from a large 
capture chamber and the copper carefully removed from diamond 

                                                        
* P. DeCarli unfortunately passed away in 2013 while this study was being 
initiated, and so some of the experimental details are no longer available. 
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fragments by chemical dissolution in nitric acid.  The laboratory-
shocked products were first analyzed by Dr. J. Milledge at UCL in 
~1960 using laboratory X-ray techniques. Those studies revealed the 
presence of only cubic diamond.  In 2004 AP Jones examined diamond 
fragments from the same experiment under a microscope, edge-
mounted on glass slides with double-sided Scotch tape for optical and 
microRaman examination.  The brownish coloration and second 
order birefringence indicated deviations from optically isotropic 
material and the possible presence of “lonsdaleite” was suspected.  
The optical and spectroscopic properties of the DeCarli laboratory 
shocked sample were similar to those found among natural impact 
diamonds from Popigai.  Some brownish fragments show “thousands” 
of penetrative linear to curved lines with ~micron-scale spacing 
(Figure 1), reminiscent of planar deformation features (PDFs) 
observed in shocked quartz (De Carli et al., 2002; Hough et al., 2003).  
Shock deformation can thus produce diamonds containing high 
concentrations of planar defects, as also observed by other 
researchers (Nemeth et al., 2014). 
 
3. Synchrotron X-ray data 
 
Samples of natural Popigai impact diamond (POP) and DeCarli 
laboratory shocked diamond (DC) were mounted on a goniometer 
head and observed during a single continuous 12-hour session using 
monochromatic radiation at station I15 of the Diamond Light Source 
(DLS), Harwell UK.  X-ray diffraction data were collected with incident 
wavelength λ=0.4134Å using a six-circle Newport diffractometer and 
an Atlas (Agilent Technologies) CCD detector.  A preliminary series of 
vertical scans were carried out using a 20 μm Pt pinhole and a step 
size of 25 Afterwards, data were collected during 180o rotation 

around the sample mounting ϕ-axis.  Initial diffraction peak positions 
were assigned from library X-ray data for diamond and “lonsdaleite” 
(Fayes, 1999). Signatures for cubic (diamond) and hexagonal 
(“lonsdaleite”) stacking were determined to be present to varying 
degrees in both the Popigai (POP) and DeCarli (DC) samples (Fig. 2). 
The highest concentration of features assigned to “lonsdaleite” was 
recorded in a 50m area of the ~200 m DeCarli subsample DC8, 
where a maximum content of ~50% hexagonal diamond was initially 
calculated from the relative intensity of shoulders on the main 
diffraction peak. 
 
In Figure 2a we show the integrated X-ray diffraction pattern for 
sample POP20 of the Popigai impact diamond, where the main (111) 
diffraction peak for cubic diamond shows distinctive shoulders on 
both its low and high angle sides. The laboratory-shocked DeCarli 
diamond sample DC4 exhibits sharper diffraction features (Fig. 2b). 
The 2D diffraction images for this sample (Fig. 2c) show the 
emergence of a pattern of ten diffuse reflections concentrated around 
the main (111) diffraction ring indicating that the original diamond 
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crystal has broken up into nanoscale domains with slightly different 
orientation according to a multiple twin law. Such twinning is 
commonly observed in face-centered cubic (fcc) structures including 
CVD diamond (Hoffmeister, 1999). However this symmetry might also 
be consistent with12-fold symmetry as observed for diamond 
nanocrystals, which was interpreted as {113} twins (Nemeth et al., 
2015). We can see the emergence of the separate features at slightly 
smaller diffraction angles that give rise to the main shoulder at larger 
d-spacing observed in the integrated diffraction patterns (Fig. 2d), that 
we associate with the appearance of domains with hexagonal stacking 
sequences. 
 
4. Layer stacking analysis  
 

The relationship of purely cubic (diamond) to hexagonal 
(“lonsdaleite”) stacking sequences can be conveniently expressed and 
analyzed from X-ray diffraction data using the new approach 
described in (Salzmann et al., 2015). The crystal structures of the two 
end members are shown in Figure 3(a,b).  Both consist of puckered 
layers made up of six-membered rings of sp3 bonded carbon atoms in 
the “armchair” conformation. In cubic diamond, identical layers are 
placed on top of one another but shifted halfway across the diagonal of 
a six-membered ring of the previous layer. In hexagonal diamond, 
each layer is the mirror image of the previous layer. Due to these 
different stacking recipes the six-membered rings linking between the 
layers are also "armchair" in cubic diamond, but take the alternative 
"boat" conformation in hexagonal diamond. These two different 
stacking possibilities give rise to a wide variety of structural polytypes 
ranging from purely cubic, (c)n, representing diamond, to fully 
hexagonal, (h)n, of “lonsdaleite”, with in principle any conceivable 
stacking sequence in between (e.g. …chhcchchhchchcchc…), with the 
possibility for ordered vs disordered arrangements within the 
sequence. 
 
The extent of cubic/hexagonal stacking within such polytypic 
structures is conveniently expressed via two parameters within a 
"stackogram" derived from analysis of the X-ray diffraction patterns 
(Salzmann et al., 2015) (Fig. 4). These parameters are the stacking 
probabilities, cc and hc, that define the probabilities of cubic 
stacking following a cubic or a hexagonal stacking event, respectively. 
The diagonally opposite corners of the stackogram represent the fully 
cubic (cc = hc = 1) and fully hexagonal polytypes (cc = hc = 0). The 
line connecting these two corners indicates various randomly stacked 
polytypes with cc = hc, implying that the layer arrangement is 
independent of the stacking history. Moving up from the random line, 
structures with higher probabilities of staying within a given stacking 
sequence are found (cc > hc). The extreme case for this is the corner 
representing a physical mixture of pure cubic and hexagonal diamond. 
Structures lying below the random line (cc < hc) on the other hand 
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are characterized by greater probabilities of switching between cubic 
and hexagonal stacking. The most extreme case for this is the strictly 
alternating (ch)x polytype. The dashed lines emanating from the 
physical mixture corner indicate lines of constant hexagonalities, h, 
the overall fraction of hexagonal stacking. As described in (Salzmann 
et al., 2015) it is straight forward to calculate the hexagonality from 
cc and hc. The corresponding fraction of cubic stacking of a given 
sample, c, is simply 1-h since there is only either cubic or hexagonal 
stacking. 
 
Stacking disorder leads to broad and asymmetric features in the 
diffraction patterns that only affect those Bragg peaks (hkl) where (h – 
k)/3 is not an integer (Pusey et al., 1989). The powder pattern of any 
stacking disordered structure can be calculated using the DIFFaX 
software (Treacy et al., 1991). The input parameters are the lattice 
constants, atomic coordinates within the layers, symmetry 
relationships between the layers for the different types of stacking, 
peak profile parameters and the stacking probabilities. The MCDIFFaX 
extension introduces a least-squares refinement of the various 
parameters (Malkin et al., 2015; Salzmann et al., 2015). The program 
randomly suggests a change in one of the parameters. If this leads to 
an improvement of the fit to the diffraction data, the step is accepted 
and the program carries on performing another random change in one 
of the parameters. A Monte Carlo-type parameter ensures that a small 
number of unfavorable changes are accepted which enables the fitting 
procedure to avoid local minima. Figure 5 shows that the POP20 X-ray 
diffraction data could be fitted well using MCDIFFaX. More than 
30,000 steps were required in this particular case to achieve 
convergence of the fitting routine. The refined cc and hc stacking 
probabilities were determined as 0.7233 and 0.7750, resulting in an 
overall hexagonality of about 24%. The location of the POP20 diamond 
within the stackogram plot shows that this material out of all stacking 
disordered diamonds analyzed to date lies closest to the random 
stacking line, providing insights into the possible conditions of its 
formation. For example, it can be argued that the POP20 diamond 
sample experienced the fastest cooling out of all the stacking 
disordered diamond samples shown in the stackogram, leading to a 
close to random stacking sequence. 
 
In natural diamond, “lonsdaleite” has rarely been reported from 
mantle samples, for example using TEM to study diamond 
microcrystals from Liaoning in China (Gorshkov et al., 1997) that have 
a HPHT kimberlitic source (Chris Smith Pers comm 2016).  The 
diffraction patterns of these minerals were interpreted as 
representing intergrowths of cubic and hexagonal diamond supported 
by the presence of additional reflections of different symmetry 
(Gorshkov et al., 1997), whereas a possible alternative interpretation 
in terms of multiple incoherent twins was discarded as being less 
probable. There appeared to be a high degree of alignment between 
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the cubic and hexagonal layers, that are not randomly distributed 
within the samples.   
 
5. Interpretation of Raman Spectra of “lonsdaleite” 
 
The strong characteristic Raman peak of cubic diamond at 1332 cm-1 
is often used to diagnose the presence of this phase, even when it is 
present as nanocrystals and in trace quantities within mineral 
samples. Subtle shifts in the peak position along with peak broadening 
can reveal the presence of non-isotropic strains, due to impurity 
content or structural defects within the samples. The occurrence of 
broadening as well as shifts in the peak position have also been 
interpreted as indicating the presence of “lonsdaleite”, or mixed cubic-
hexagonal polytype structures, within natural and laboratory-
prepared samples (Gogotsi et al., 1998; Le Guillou et al., 2010; Ross et 
al., 2011; Smith and Godard, 2009). Microdiamonds containing 
“lonsdaleite” are a characteristic feature of the group of carbon-rich 
diamond-bearing meteorites called ureilites. The Raman spectra for 
ureilite diamond have been well reviewed (Le Guillou et al., 2010; 
Ross et al., 2011).  
 
The zone-center vibrational modes for “lonsdaleite”, diamond and 
cubic-hexagonal polytypes have been analyzed by Spear et al. (1990). 
Cubic diamond (Fd-3m symmetry) contains Z=2 atoms per primitive 
unit cell resulting in a single Raman active peak with T2g symmetry. 
“Lonsdaleite” (P63/mmc) has Z=4 atoms per cell, giving rise to 
expected zone center Raman modes with symmetries A1g + E1g + E2g, 
with B1u, B2g and E2u modes inactive (Ivanova and Mavrin, 2014; Spear 
et al., 1990; Wu, 2007). In Figure 6 we compare the Raman spectra for 
both phases calculated using ab initio methods implemented at the 
hybrid HF/DFT level (Prencipe et al., 2014a; Prencipe et al., 2012; 
Prencipe et al., 2014b). The calculations were carried out at T = 0 K 
using the Wu-Cohen GGA exchange functional (Wu and Cohen, 2006) 
corrected by 16% of Hartree-Fock exchange, and the Lee-Yang-Parr 
(LYP) correlation functional (Lee et al., 1988), that is expected to 
provide a good interpretation of the structural and vibrational 
properties of the two phases (Prencipe et al., 2014a).  
 
Our calculated Raman spectra can provide improved constraints for 
recognition of hexagonal diamond layering sequences and domains 
within natural and synthetic samples.  For example, in the extensive 
reviews provided by Le Guillou et al. (2010) and Ross et al. (2011) (Le 
Guillou et al., 2010; Ross et al., 2011), the shift of the main "diamond" 
peak to lower wavenumber (e.g., 1318 cm-1) along with the 
appearance of an additional weak shoulder at ~1350 cm-1 for a very 
few of the samples studied, such as the Almahata Sitta grain 7 shown 
in Figure 2 of Ross et al. (2011), could be consistent with the presence 
of significant hexagonal "lonsdaleite" domains within such samples.  
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Gogotsi et al. (1998) published micro-Raman spectra of indentation 
zones created within diamond under extreme and highly localized 
stresses with a significant shear component, and noted the 
appearance of an apparent "satellite" peak at lower frequency than 
that assigned to diamond (see Fig. 5(b) in their paper). They 
attributed this to the presence of some hexagonal diamond 
component. In fact, the main peak occurs at higher wavenumber than 
the diamond T2g feature, and so both peaks could correspond to the 
A1g + E1g modes predicted for pure “lonsdaleite” by our ab initio 
calculations (Fig. 6).  
 
One previous shock study of diamond also reported evidence for the 
formation of hexagonal diamond, identified using Raman spectra (He 
et al., 2002) by a main peak occurring within the 1318-1325 cm-1 
range among 5 samples shocked at 54-196 GPa.  They suggested 
formation of “lonsdaleite” by a kinetically controlled mechanism 
coupled with the presence of both shear stresses and elevated 
temperature.  Their Raman data (see figure 3 in (He et al., 2002) show 
some correspondences with our calculated “lonsdaleite” spectrum.  
 
Our new results reveal that micro-Raman spectroscopy combined 
with an improved understanding of the polytypic cubic-hexagonal 
structures can provide an important new marker for materials formed 
with different layer stacking within the diamond-”lonsdaleite” system, 
and can be developed as a diagnostic for the appearance of such 
structures within natural and laboratory-prepared samples.  
 
6.  Stable and Metastable Phase Relations: Diamond, “lonsdaleite” and 
Graphite Polymorphs  
 
We used our ab initio approach to model the energy-volume (E(V)) 
relations at T=0K to examine the possible metastable transitions 
between graphite-diamond-”lonsdaleite”, as well as the formation of 
intermediate cubic-hexagonal structures (Wu 2007) (Fig. 7). Diamond 
is more stable than “lonsdaleite” by approximately E = -0.0042 
Hartree/mol (referenced to “lonsdaleite”), or ~2.6 kcal/mol.  
Interestingly, the reverse situation has been found for cubic vs 
hexagonal polymorphs of Si, where “lonsdaleite”-Si was found to be 
stabilized relative to the diamond structure (Wu, 1999). The E(V) 
curves for the two dense phases of elemental carbon lie directly above 
one another, negating the possibility of a direct diamond-”lonsdaleite” 
transition at any finite pressure, at least if vibrational entropy effects 
can be ignored. This is also shown by the calculated enthalpy-pressure 
relations, which form two parallel lines with no obvious signs of 
crossing. We can see that in principle, if diamond is compressed 
sufficiently along its E(V) curve, we can estimate how much pressure 
is needed to take it above the “lonsdaleite” stability range, which sets 
an upper limit for formation of any cubic-hexagonal "intergrowth" of 
phases. We show schematically in Figure 7 that a diamond phase with 
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some degree of hexagonality could be formed via a metastable 
transformation during pressure release, along one of the possible 
common tangents to the E(V) curves.  
 
The energetic relations may become modified if the anharmonic 
phonon density of states for the two phases are sufficiently different 
to cause the vibrational entropy contributions as a function of 
pressure and temperature to diverge, and result in crossing of the 
respective Helmholtz (F(T,V)) or Gibbs' (G(P,T)) curves. This is already 
known to occur for cubic (sphalerite) and hexagonal (wurtzite) 
polymorphs of ZnS and other materials with similar structural and 
phase relationships. 
 
We did not extend our calculations to include graphite because of the 
difficulties associated with accurate modelling the interlayer 
interactions, but we constructed a schematic diagram illustrating the 
energetic relations between the three phases (Figure 7). Graphite 
transforms to diamond via a first order phase transition at ~0.7 GPa, 
determined by extrapolating experimental data sets to low 
temperature. However, the transition is kinetically hindered and it 
usually requires a high temperature or the presence of a catalyst to be 
enabled efficiently. It can be bypassed readily either during rapid 
timescale shock processes, or by compressing graphitic starting 
materials at low temperature. In that case, “lonsdaleite”, or one of a 
family of intermediate phases with mixed cubic-hexagonal layer 
stacking, might be produced instead at slightly higher pressure than 
the equilibrium graphite-diamond transformation. That would agree 
with the recent report by (Kraus et al., 2016) of “lonsdaleite” 
formation from graphite on nanosecond shock timescales, as well as in 
natural impact environments. “Lonsdaleite” and other cubic-
hexagonal polytypic materials can also form in a similar way. 
 
The key difference between laboratory experiments and natural shock 
events during impact cratering relates to the enormous energy 
released during natural impacts, and long duration of a large natural 
shock pulse (~1 second) that may be many orders of magnitude 
longer than those (~ns-s) that can be replicated in the laboratory (De 
Carli et al., 2002; DeCarli et al., 2002) (Sharp and DeCarli, 2006). 
Additional processes related to mineralogical complexity may include 
the transient appearance of very hot (3000-4000K) impact melts 
(Kenkmann et al., 2005).   
 
 
7. Discussion 
 
Our studies have important bearing on the nomenclature used to 
describe "“lonsdaleite”" as well as other diamond phases in the carbon 
system. We have presented here a new interpretation of the degree of 
stacking disorder that can be achieved between cubic and hexagonal 
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forms of sp3-bonded carbon (Salzmann et al., 2015).  That can now be 
applied to classify the degree of stacking disorder in natural impact 
diamond, e.g. from Popigai, allowing the recognition of a structural 
end member for a pure hexagonally stacked "diamond" polytype. 
Synthesis of such pure hexagonal diamond samples has proved 
elusive, until the recent report of its formation under dynamic shock 
compression at transient HPHT conditions (Kraus et al., 2016) which 
these authors refer to as “lonsdaleite”.  So, should the pure hexagonal 
form of diamond be called “lonsdaleite”, or should that name be 
reserved for the natural mineral corresponding to an intermediate 
stacking cubic/hexagonal polytype with some degree of stacking 
disorder as recorded from Canyon Diablo/Meteor Crater (see Fig. 4). 
 
An important question arises from the different length scales of 
observational methods used to characterize the different cubic-
hexagonal diamond phases, many of which may be metastable with 
respect to ordered crystalline end-members. Both natural and 
laboratory-prepared samples can display structural heterogeneities 
over several length scales, and even samples previously recognized as 
single crystals may contain polytypic structural elements. Some 
guidance in nomenclature for these elemental carbon polytype 
structures can be carried over from emerging research descriptions of 
crystalline H2O ice structures (Malkin et al. 2015).  We must now 
begin to distinguish between the usage of the term "diamond" to 
describe (a) a natural mineral as well as laboratory-synthetized 
material with essentially pure carbon composition, and (b) as a 
structure type based on sp3-bonded atoms located within the 
tetrahedral interstices of a fcc crystallographic lattice. In that sense we 
propose the designations of "cubic" vs "hexagonal" diamond to 
represent the fully cubic or hexagonal layer stackings within the 
idealized crystalline materials. We then propose the use of the 
hexagonality as well as the stacking probabilities cc and hc to 
describe the presence and degree of incorporation of hexagonal 
layering within the initially cubic structure, along with the ordering of 
hexagonal vs cubic domains. 
 
Given the geochemical cosmic abundance of carbon, the significance of 
carbon polymorphs and dynamic phase behavior can constrain the 
physical, chemical and geological history of carbon in extraterrestrial 
samples.  The first textural evidence that “lonsdaleite” in meteorites 
predates the shock metamorphism associated with arrival at Earth, 
was demonstrated in carbonado-type “lonsdaleite”-diamond 
“nodules” in ALHA77283 (Roy et al., 1981).   
 
 
8. Conclusions 
 
Our synchrotron X-ray diffraction results demonstrate that hexagonal 
features previously attributed to the presence of hexagonal diamond 
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or “lonsdaleite” can form within diamond samples shocked in the 
laboratory to peak pressures of 60 GPa , and hence do not require the 
presence of graphitic carbon precursors. Coexisting hexagonal and 
cubic structures found within impact and laboratory-shocked and 
impact diamonds can be interpreted using a new model for stacking 
disorder/disorder, that can be used to assign a new measure of the 
hexagonality index. Using ab initio computational techniques we 
propose an understanding of the relative energetics of cubic vs 
hexagonal diamond structures and use these E(V) diagrams to 
understand the possible formation of diamond, “lonsdaleite” and 
mixed cubic-hexagonal polytype structures under static and dynamic 
HPHT conditions as well as by metastable syntheses from precursors. 
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LITHOS image file: Jones et al Lonsdaleite v8.3 
 
 
Figure 1.  DeCarli typeII diamond shocked (60 GPa) and recovered 
fragment ~0.3mm, showing multiple linear and curvilinear lines and 
fractures. 
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Figure 2. Synchrotron X-ray diffraction data ( = 0.4134Å) obtained by 
integrating around the observed 2D CCD images for (a) POP20 and (b) DC4 
samples.  Vertical lines below show the expected peak positions and hkl 
designations for cubic and hexagonal diamond. (c) 2D diffraction image for 
DC4 sample shows emergence of diffuse bands of reflections in an 
approximately ten-fold pattern around the (111) diffraction ring of cubic 
diamond. Additional diffraction intensity is observed at slightly smaller 2 
value that give rise to the main shoulder at larger d-spacing that could 
correspond to the 100 feature associated with hexagonal stacking. (d) shows 
separate features (along red line in marked in c) at slightly smaller diffraction 
angles that give rise to the main shoulder at larger d-spacing. 
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Figure 3. Structures of (a) cubic diamond, (b) hexagonal diamond and 
(c) stacking disordered diamond. Six-membered rings with different 
conformations in cubic diamond (“chair”) and hexagonal diamond 
(“boat”) are indicated by yellow ornamentation. 
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Figure 4: Plot of stacking probabilities containing the samples analyzed 
by (Salzmann et al., 2015). The POP20 sample studied here is shown by 
a pink star. 
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Figure 5:  Background-subtracted X-ray diffraction data of the POP20 
sample fitted with MCDIFFaX (Malkin et al., 2015)  
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Figure 6. Predicted Raman spectra of hexagonal and cubic diamond 
using DFT methods  (Krishnakumar et al., 2004; Polavarapu, 1990). The 
plots were generated assuming Lorentzian peak profiles with 10 cm-1 
half-widths and a 632 nm exciting wavelength. The normal mode 
symmetry species are indicated.  
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Figure 7:  E(V) curves and possible metastable transitions between (a) 
graphite-diamond-lonsdaleite, and (b) possible intermediate c-h phases 
formed following decompression of a compressed diamond phase. The 
relative positions of diamond and lonsdaleite were determined in this 
study using DFT methods (see text for details). 


