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Abstract
Amphibolite clasts in the suevite of the Ries impact crater contain shock-induced melt veins (SMVs) with high-pressure 
phases such as majoritic garnet, jadeitic clinopyroxene and others. In addition, heat conduction from hot SMVs into adjacent 
rock portions locally produced further high P–T melt pools. These melts were preferentially generated in rock domains, where 
the SMVs cross older (‘pre-Ries’) veinlets with analcime or prehnite and larger grains of sericitized plagioclase. Melting of 
such chemically different local bulk systems (Na-, Ca-, Ca-Na- and K-Na-rich) was facilitated by low solidus temperatures 
of the original secondary OH-bearing phases. From the resulting shock-induced melts, liebermannite, kokchetavite, jadeite, 
nonstoichiometric and albitic jadeite, grossular, vuagnatite, lawsonite + coesite, and clinozoisite crystallized during pressure 
release. Vuagnatite is now proven to be a genuine high-pressure phase. Its ubiquitous distance of 20–35 μm from the hot 
shock veins suggests a temperature sensitivity typical for an OH-bearing phase. In local Na-rich melts albitic jadeite appears 
instead of the assemblage jadeite + SiO2. Liebermannite, a dense polymorph of K-feldspar was identified by Raman spec-
troscopy. After stishovite, liebermannite constitutes the second known high-pressure phase in the Ries that contains silicon 
exclusively in six-fold coordination. The KAlSi3O8-polymorph kokchetavite was formed in alkali-rich melt glasses. Pressure 
and temperature values in the range of about 8–11 GPa and ~ 800–1100 °C were estimated from the chemical compositions 
of locally occurring majoritic garnets (Si = 3.21–3.32 and 3.06–3.10 apfu), respectively, and the presence of fine-grained 
aggregates of lawsonite and coesite. Generally, the neighboring areas of the veins are characterized by a sequence of vari-
able high-pressure phases documenting strongly falling P–T conditions with increasing distance from the vein. These novel 
features enlighten the dynamic event during passage of a shock wave.

Keywords  Ries impact crater · Shock vein · Liebermannite · Kokchetavite · Jadeite · Vuagnatite · Lawsonite

Introduction

Shock-induced melt veins (SMVs) in natural crystalline 
rocks got much attention by Earth scientists in the past three 
decades. The existence of a large variety of shock-induced 
high-pressure phases within or adjacent to thin shock-melt 
veins allows an assessment for the high pressure (P) and 
temperature (T) conditions of their formation. The occur-
rence of such phases in shocked crystalline rocks is linked 
to the passage of supersonic shock waves that are produced 
by impacts of asteroids or meteorites on planetary or terres-
trial surfaces. It is worth mentioning that SMVs with many 
high-pressure phases contribute to the set of parameters of 
specific shock-related effects that were originally described 
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under the terms ‘shock metamorphism’ or ‘impact metamor-
phism’ (e.g. Chao 1967, 1968; French and Short 1968; von 
Engelhardt and Stöffler 1968; Robertson et al. 1968; Stöffler 
1972; Stöffler and Grieve 2007; French 1998; Langenhorst 
2002; French and Koeberl 2010; Langenhorst and Deutsch 
2012).

Shock-melt veins usually form an 'erratic' interlocking 
network of former melt films or may occur along older rock 
fractures that may be filled with late-stage hydrothermal 
minerals (e.g. Stähle et al. 2017). Small-scale offsets of 
mineral fragments or small lateral displacements of cross-
ing pre-shock veinlets point to slip movements under high 
pressures producing melt films at very high temperatures 
of > 2000 °C. Such SMVs form immediately at the begin-
ning of the contact/compression stage (Melosh 1989, 2013; 
French 1998) during evolution of an impact structure. By 
passing through rocks and minerals with varying seismic 
impedance contrasts (shock wave velocity × mineral density) 
the original plane shock-front becomes distorted and convo-
luted. Within dense minerals or tight crystalline rocks, the 
shock wave travels faster than in less dense minerals or in 
porous rocks. The complex interaction of shock waves with 
crystalline rocks and minerals locally lead to shear stresses 
and frictional melting in a complex slip system wherein 
SMVs are created (Kenkmann et al. 2000; Heider and Ken-
kmann 2003; Sharp and DeCarli 2006; Spray 2010; Ogilvie 
et al. 2011; Walton et al. 2016). Detailed models for the 
formation of SMVs in naturally shocked rocks are given in 
Walton et al. (2016) and Spray and Boonsue (2018).

Most findings on SMVs and their accompanying high-
pressure phase assemblages came from studies on meteorite 
samples (e.g. Stöffler et al. 1991; Tomioka and Miyahara 
2017). High-pressure phase equilibria in adequate chemi-
cal systems determined by static high-pressure experiments 
allow well-grounded estimations of the prevailing P–T-t 
conditions (t = time) under dynamic shock compression 
(Chen et al. 1996; Langenhorst and Poirier 2000a, b; Beck 
et al. 2005; Ohtani et al. 2004; Sharp and DeCarli 2006; 
Xie et al. 2006; Gillet et al. 2007; Tschauner et al. 2014; 
Ma et al. 2016; Tomioka and Miyahara 2017; Sharp et al. 
2019; Hu and Sharp 2022). Beyond that, the shock-induced 
high-pressure phases also give substantial indications for 
the mineralogical composition of the Earth's upper mantle 
and transition zone.

For several terrestrial impact craters such as Vredefort 
in South Africa (Martini 1978, 1991; Spray and Boonsue 
2018), Manicouagan in Canada (Biren and Spray 2011; 
Boonsue and Spray 2017, Steen River in Canada (Walton 
et al. 2016, 2018), Sudbury in Canada (Thompson and Spray 
1996), and the Ries in Germany (Dressler and Graup 1970; 
Stähle et al. 2011, 2017; Tschauner et al. 2020a, b; Ma et al. 
2022), SMVs within various crystalline rocks have been 
recorded. In the Ries impact structure, such veins mostly 

occur in moderately shocked suevite clasts. The variability 
of shocked basement rocks within several suevite occur-
rences scattered around the Ries crater was reported by von 
Engelhardt (1997). A detailed report with a chronological 
recovering of recently discovered shock-induced high-pres-
sure phases in both terrestrial and extraterrestrial rocks is 
given by Miyahara et al. (2021).

This study deals with two amphibolite clasts that were 
chosen from a larger suite of SMV-bearing crystalline rocks 
from the Ries suevite (Stähle et al. 2011, 2017). Both clasts 
are relatively coarse-grained and are cut by several thin 
SMVs that partially traverse pre-shock hydrothermal vein-
lets of variable compositions. Moreover, broader SMVs are 
often surrounded by neighboring areas that were apparently 
shocked at lower P–T conditions than the veins, leading to 
different shock-induced mineral associations despite simi-
lar bulk compositions of both domains (Sharp and DeCarli 
2006). A representative example for such a situation in 
the Ries impact crater is shown by the transformation of a 
chloritized former biotite grain that is in direct contact with 
a SMV rich in majoritic garnet. With increasing distance 
from this SMV, majoritic garnet changes its composition 
and finally grades into normal silicate garnet with tiny mag-
netite inclusions due to spatially declining P–T conditions 
(Stähle et al. 2017: Fig. 2c, d). Another instructive example 
is the transformation of quartz to stishovite in contact with 
a SMV (Stähle et al. 2017: Fig. 2e). A preferred formation 
of stishovite adjacent to shock veins is also known from the 
Vredefort impact crater (Spray and Boonsue 2018).

The prime goal of this paper was to demonstrate how 
small-scale variations in primary bulk composition will 
influence the shock-induced mineralogy not only within 
the SMV but also within its immediate neighborhood. It is 
well known that shock veins predominantly cool via thermal 
conduction affecting adjacent volumes (Sharp and DeCarli 
2006; Xie et al. 2006). Using a multitude of dense mineral 
phases that were found for the first time in the Ries impact 
structure, we estimate P–T conditions by applying results 
from high pressure phase equilibria. The high-pressure-
induced formations adjacent of SMVs will be treated as 
visual fingerprints of a shock wave that started firstly from 
the central point of the Ries impact.

Geologic background

The circular ~ 25 km-wide Ries impact crater in Southern 
Germany is one of the places on Earth where shock-induced 
melt veins were found in clasts trapped in suevite (Stähle 
et al. 2011, 2017). The rather young age of this structure (c. 
14.8 Ma; Buchner et al. 2013; Schwarz and Lippolt 2014; 
Schmieder et al. 2018; Schwarz et al. 2020) favored the pres-
ervation of a thick central fallback deposit and a far-reaching 
ejecta blanket outside the crater. An overview on the geology 
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of the target rocks as well as the crater-fill and ejecta depos-
its along with some geophysical data is given by Pohl et al. 
(1977) and Stöffler et al. (2013). The occurrence, stratigra-
phy, and composition of all existing lithological units can 
be studied in detail in several well documented outcrops 
(Schmidt-Kaler et al.1970; Chao et al. 1978; Hüttner and 
Schmidt-Kaler 1999).

The target rocks at the Ries impact structure consisted 
of a flat-lying sequence of Permian to Mesozoic sedimen-
tary rocks that unconformably overlie a Variscan crystalline 
basement. The suevite contains a variety of Variscan crystal-
line bedrocks such as biotite-plagioclase gneisses, garnet-
cordierite-sillimanite gneisses, amphibolites, and granites 
(Dressler et al. 1969; Graup 1978). Like everywhere in 
western Europe, these crystalline rocks show a widespread 
episodic hydrothermal overprint that took place in 'pre-Ries' 
times (Late Jurassic to Tertiary) (e.g. Lippolt and Kirsch 
1994; Schlegel et al. 2007; Brockamp et al. 2015). This over-
print resulted in a strong sericitization of Ca-rich plagioclase 
domains, the local chloritization of biotite and amphibole, 
and the formation of veinlets of analcime or prehnite.

Sampling and analytical techniques

The two investigated amphibolite clasts (ZLN141 and 
ZLN128/128a) were taken from the suevite of Zipplingen 
that represents a local high-temperature ejecta in the NW 
part of the Nördlinger Ries (Stähle et al. 2011, 2017). High-
quality polished thin sections of the two amphibolite clasts 
were studied in transmitted and reflected light.

For determination of micro-textures, back-scattered elec-
tron (BSE) images were obtained using a LEO 440 scanning 
electron microscope (SEM) at the Institute of Earth Sci-
ences, Heidelberg University. This instrument is equipped 
with an X-Max 80 mm2 silicon-drift detector (SDD) and 
the INCA energy software from Oxford Instruments (https://​
www.​brand​onu.​ca/​micro​scope/​files/​2010/​08/​pdf_3.​pdf). For 
quantitative energy-dispersive X-ray EDX analyses (EDXA), 
the operating conditions were 20 kV accelerating voltage, 
1–2 µm beam diameter, and 1.8 nA sample current. Quanti-
tative calibration check was done with cobalt.

Electron microprobe analyses (EMPA) of silicate and 
oxide phases were obtained using a CAMECA SX51 instru-
ment equipped with five wavelength-dispersive spectrom-
eters (Institute of Earth Sciences, Heidelberg University). 
Operating parameters were 15 kV accelerating voltage, 20 
nA beam current, ~ 1 μm beam size, and counting times of 
30 s for Al and Ca, 20 s for Ti and 10 s for all other elements. 
Mineral and synthetic silicate and oxide reference materials 
were used for calibration, namely wollastonite for Ca and Si, 
rhodonite for Mn, albite for Na, anorthite for Ca, orthoclase 
for K, anorthite for Al, Fe2O3 for Fe, Cr2O3 for Cr, TiO2 for 
Ti and MgO for Mg. Raw data were corrected for matrix 

effects with the PAP algorithm implemented by CAMECA. 
Detection limits were 0.04 wt% SiO2, 0.06 wt% TiO2, 0.04 
wt% Al2O3, 0.07 wt% Cr2O3, 0.11 wt% FeO, 0.08 wt% MnO, 
0.07 wt% MgO, 0.04 wt% CaO, 0.03 wt% Na2O and 0.03 
wt% K2O. The total analytical error is < 1% relative.

Raman spectra of various small-sized mineral phases 
were obtained with point measurements by means of a Hor-
iba LabRAM Evolution spectrometer system at the Insti-
tute of Mineralogy and Crystallography at the University of 
Vienna. This confocal, edge filter-based Raman microprobe 
system (focal length 800 mm) is equipped with an Olym-
pus BX41 optical microscope and a Peltier-cooled charge-
coupled device (CCD) detector. Spectra were obtained by 
excitation using a 532-nm emission of frequency-doubled 
Nd:YAG laser (10 mW behind the objective). With the 
Olympus 100 × objective lens (numerical aperture 0.9), the 
focal spot was ~ 1 μm in diameter. The spectrometer was 
operated in the confocal mode; the real volume resolution 
is assessed to be better than 1 μm laterally and 2–3 μm in 
depth. A diffraction grating with 1800 grooves per mm was 
used to disperse the scattered light. The wavenumber accu-
racy (calibrated using Ne lamp emissions) was 0.5 cm–1 and 
the spectral resolution was 1.0 cm–1. For further details see 
Nasdala et al. (2018).

Results

Petrography of amphibolite clasts

The weakly to moderately shocked amphibolite clasts in 
the suevite measure about 5–10 cm in diameter and have 
brownish to green colors. Polished thin sections are shown 
in transmitted light photographs (Fig. 1a–c). Both rocks are 
coarse-grained and their primary minerals are magnesio-
hornblende, plagioclase, and minor biotite, while the phases 
apatite, zircon, and magnetite are accessory. The average 
grain size of these rocks (~ 2 mm) is relatively large in rela-
tion to the thickness of their SMVs (< 1.1 mm) that partially 
traverse ‘pre-Ries’ veinlets of either analcime or prehnite. 
Moreover, the SMVs also traverse larger hornblende grains 
as well as strongly sericitized former Ca-rich plagioclase 
domains. This situation results in chemically different local 
subsystems, such as Na-rich (former analcime), Ca-rich (for-
mer prehnite), Na-Ca-rich (former plagioclase), K-Na-rich 
(sericitized plagioclase), and Mg–Fe–Ca–Na–rich (amphi-
bole), that are expected to produce variable mineral paragen-
eses during shock metamorphism at variable P–T conditions.

Most SMVs contain µm-sized grains of majoritic gar-
net with variable amounts of Si, Al, Fe, Mg, Ca, K, and 
Na (Stähle et al. 2011, 2017). Their chemical composi-
tions yielded high crystallization pressures of 16.7 ± 0.5 
GPa for ZLN128 and 16.5 ± 1.3 GPa for ZLN141, using 

https://www.brandonu.ca/microscope/files/2010/08/pdf_3.pdf
https://www.brandonu.ca/microscope/files/2010/08/pdf_3.pdf
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the geobarometer of Wijbrans et al. (2016) that is based on 
experiments.

Sample ZLN141

The non-foliated amphibolite ZLN141 contains approxi-
mately equal amounts of brownish green magnesio-horn-
blende and former plagioclase that is completely trans-
formed to diaplectic plagioclase glass (DPG) with nearly 
constant compositions of Ab49–42An47–55Or01–02 (Fig. 1a; 
Table 1). Magnesio-hornblende (Hawthorne et al. 2012) 
is heavily shattered and shows the average chemical for-
mula A(K0.14Na0.32)M4(Na0.09Ca1.91)M1−M3(Mg2.59Mn0.04Fe2

+
1.31Fe3+

0.56Ti0.14Al0.36)T(Al1.47Si6.53)O22 (OH)2 (Table 1), 
whereby Fe3+/(Fe2+ + Fe3+) is assumed to be 0.3 as usual 
in high-grade amphibolite. Most plagioclase grains are 
completely shock-transformed to diaplectic glass (DPG, 
Table 1). Due to these features, sample ZLN141 is clas-
sified into shock stage M-S4 (Stöffler et al. 2018). In 

transmitted light, many DPG grains outside and within 
the SMVs locally appear dusty due to the occurrence 
of numerous small sericite flakes that are unevenly dis-
tributed. In addition, some biotite grains are secondarily 
replaced by fine-grained chlorite and Ti–rich secondary 
minerals.

A special feature of sample ZLN141 is the presence of 
thin hydrothermal analcime veinlets that were formed along 
faults, as indicated by broken fragments of hornblende that 
are ‘floating’ in an isotropic matrix of analcime (Fig. 2a, 
green arrow). In the studied thin section, three branches 
of SMVs are visible (Fig. 1a). A long, near-vertical vein 
(marked with red arrows 1, 2, 3) merges into a horizontal 
vein at the top of the section. The third vein runs diagonally 
through the lower right part of the section (Fig. 1a, red arrow 
4). Between the points marked by the red arrows 1 and 2, 
the first SMV mostly runs within an older analcime veinlet. 
The shock-induced minerals in this analcime-dominated part 

Fig. 1   Thin sections of suevite clasts of amphibolite-containing 
shock-induced veins in plane polarized light (PPL). a ZLN141 shows 
various shock veins running in different directions. The near-vertical 
vein in the middle of ZLN141 runs predominantly along a preexist-
ing analcime veinlet (between the two red arrows 1 and 2). In the 
lower left corner of the figure, another 'NW–SE' running analcime 
veinlet (white) indicates a right-lateral slip movement (~ 900  µm 
offset) along the brownish shock vein. At arrow 3, the shock vein 
consists of an amphibolitic melt where omphacitic jadeite crystal-
lized. In the SMV at arrow 4 liebermannite was found within a clast 
of DPG. b ZLN128 shows a bunch of broader shock veins, which 

run predominantly from the upper left to the lower right. A color-
less, ~ 300 μm-thick prehnite veinlet is visible at the left side of the 
amphibolite thin section. This veinlet is cut by shock veins (red arrow 
2). At arrow 1, a thin analcime veinlet indicates a left-lateral move-
ment. c ZLN128a shows a triple of shock veins. The upper arrow 1 
points to an area where Na–K-rich melt glass with assemblages of 
liebermannite + kokchetavite and albitic jadeite occurs, and the lower 
arrow 2 points to a place where crystallizations of vuagnatite + gros-
sular and lawsonite + coesite from a Ca-rich diaplectic plagioclase 
glass were found
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of the vein deviate from those of ordinary majoritic garnet-
bearing SMVs.

Sample ZLN128/128a

Both thin sections were taken from different parts of the 
clast. The medium-grained amphibolite is nearly iso-
tropic and shows interlocking grains of amphibole and 
grayish-white plagioclase (Fig. 1b, c; Table 1). The SMVs 

Fig. 2   BSE images of high-pressure phases within and adjacent to a 
single shock vein that developed predominantly within a pre-existing 
analcime veinlet (ZLN141). a A shock vein (red dashed lines) with 
nonstoichiometric omphacitic jadeite (Omp/Jad) runs within the older 
analcime veinlet (green dashed lines). Note the fragments of magne-
sio-hornblende in a matrix of analcime (green arrow). A post-shock 
vein filled with montmorillonite traverses the shock vein. DPG = dia-
plectic plagioclase glass; Mhb = magnesio-hornblende. b Close-up of 
nonstoichiometric omphacite/jadeite with isolated grains of an Fe-
Oxide within the shock vein. c Border area of a shock melt vein (left) 
and a large grain of diaplectic plagioclase glass (DPG) on the right 
side. Between both, a volume of shock-induced grains of nonstoichio-

metric jadeite occurs. The DPG grain contains darker zones of shock-
induced Na-Si-rich melt (red arrow). d Close-up of nonstoichiometric 
jadeite grains occurring outside the wall of a shock vein (compare 
Fig.  2c). At the left the breakdown of hornblende to light grains of 
majoritic garnet (MajHbl) is perceptible. e Close-up of radiating 
aggregations of elongated jadeite crystals. f Within the central part 
of the image, K-bearing nonstoichiometric K-jadeite grains assembled 
within a former grain of sericitized plagioclase are visible. On the left 
side of the image, the shock vein is seen with aggregations of major-
itic garnet (bright) and nonstoichiometric omphacitic jadeite (darker 
gray). The longish former grain at the lower side is a majoritized 
hornblende grain with a fused core as described in Stähle et al. (2017)
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in this sample display large variabilities in cross-section 
(~ 10–1100 μm) and include some lithic clasts. Amphibole 
grains are locally heavily shattered and results of EMPA 
(Table 1) give the approximate formula A(K0.11Na0.19)M4(N
a0.21Ca1.79)M1−M3(Mg2.75Mn0.03Fe2+

1.30Fe3+
0.57Cr0.01Al0.34)T

(Al1.40Si6.60) O22(OH)2 that corresponds to magnesio-horn-
blende (Hawthorne et al. 2012). Smaller hornblende frag-
ments within the veins are completely shock-transformed 
to red-brown colored (transmitted light) majoritic garnet 
(Stähle et al. 2011: Fig. 2).

Plagioclase grains within and near to the SMVs are trans-
formed to DPG (Ab22–26An71–75Or<01), while those located 
at larger distances from SMVs still are birefringent. These 
characteristics permit the classification of this sample into 
shock stage M-S3 to M-S4 after Stöffler et al. (2018). Like 
in sample ZL141, plagioclase underwent a 'pre-Ries' par-
tial transformation to sericite. Very rarely, larger grains of 
microcline occur. Late- to post-Variscan (‘pre-Ries’) vein-
lets of prehnite and analcime can easily be seen (Fig. 1b, c; 
Table 1).

Na‑rich shock vein within a pre‑existing analcime 
veinlet

One SMV in ZLN141 invaded into an analcime veinlet and 
runs longitudinally along its center (Fig. 1a, between arrow-
heads 1 and 2). Within the veinlet, the observed SMV swells 
up and down and runs off sporadically. Upwards from arrow-
head 3, the contents of this SMV are essentially derived 
from both amphibole and intermediate plagioclase. In such 
a ‘normal’ case of a more metabasaltic vein composition, 
majoritic garnet is the dominant phase (Stähle et al. 2017). 
However, in areas where the SMV runs within the former 
analcime veinlet and/or plagioclase, its chemical bulk com-
position becomes lowered in Fe, Mg, and Ca, but increased 
in Na, resulting in crystals of nonstoichiometric omphacitic 
jadeite (Fig. 2b; Table 2). The chemical compositions of 
these pyroxene crystals obtained by EMPA suggest the pres-
ence of significant M2-vacancies of 0.17–0.23, while Si ≈ 
2.0 apfu (Table 2). Following McCormick (1986), we call 
such pyroxenes ‘nonstoichiometric’. This name, however, 
should not be mistaken with the name 'albitic jadeite' that is 
characterized by both, significant M2-vacanies (~ 0.25 apfu) 
and considerable VISi contents (IVSi + VISi ≈ 2.2 apfu), and 
occurs in recrystallized DPGs (Ma et al. 2022). The Raman 
spectrum of this nonstoichiometric omphacitic jadeite 
shows relatively broad peaks (Fig. 3a) that may result from 
a reduction in phonon-life time, caused by the vacancy at 
M2. However, it seems that one cannot completely rely on 
Raman spectra in assessing nonstoichiometric Cpx (Baziotis 
et al. 2022). The positions of the two main Raman peaks at 
365 cm–1 and 687 cm–1 (Fig. 3a) are typical for relatively 
Omp-rich jadeite (e.g. Wang et al. 2001). This pyroxene is 

locally accompanied by small, isolated grains of an Fe-oxide 
phase (Fig. 2b). Due to the small grain size of these particles 
(< 1 µm), we were not able to quantitatively analyze this 
phase. However, recent high-pressure experiments on the 
FeO-Fe3O4 system revealed that at pressures above about 
8–9 GPa two other phases, namely Fe4O5 and Fe5O6, exist, 
whereby at constant P and T, but moderately increasing ƒO2, 
wüstite (Fe1-xO) is followed by Fe5O6 and then Fe4O5 and 
still later Fe2O3 (Lavina et al. 2011; Lavina and Meng 2015; 
Myhill et al. 2016; Hikosaka et al. 2019; Woodland et al. 
2022).

The Raman spectr um of  a l tered analc ime 
(Na16[Al16Si32O96].16H2O) (Fig. 3b) was taken just outside 
the SMV (Fig. 2a) within a crossing thin veinlet of anal-
cime. Although the main peak at 483  cm–1 corresponds 
to four analcime spectra in the RRUFF database, the form 
of this peak in our case is strongly broadened and asym-
metric, and, therefore, it covers two smaller peaks at ~ 296 
and ~ 385 cm–1. Moreover, the peak at ~ 1101 cm–1 is also 
remarkably broad and asymmetric. In addition, the intensity 
ratio of the 483 cm–1 peak to the 1101 cm–1 peak in our spec-
trum is clearly lower than that in all RRUFF Raman spectra. 
These differences between the Raman spectrum types may 
be caused by incomplete structural changes of the Si/Al dis-
tribution in the framework, a loss of H2O molecules or an 
incomplete transformation to an amorphous phase. At low-
pressure values (< 1.1 GPa) the cubic or slightly tetragonal 
or orthorhombic forms of analcime are stable. At ~ 1.1 GPa 
there is a first-order phase transition to the triclinic form of 
analcime that is stable at higher pressure. While the cubic 
low-P form is characterized by a fully disordered Si/Al dis-
tribution in the 4- and 6-membered rings, the trigonal high-P 
form is characterized by a tilting of (Si,Al)-tetrahedra and 
a deformation of all tetrahedral rings. There may also be a 
more ordered distribution of Si and Al (Gatta et al. 2006; 
Likhacheva et al. 2012; Gatta and Lee 2014). The width of 
both Raman peaks 483 cm–1 and 1101 cm–1 (Fig. 3b) seems 
to indicate that analcime grains near to SMVs were at least 
partially in a 'glassy' state.

Along the outer walls on both sides of the SMV, domains 
with lathy crystals of nonstoichiometric jadeite occur 
(Fig. 2c, d). In Fig. 2d, the contact of such pyroxene grains 
with majoritized hornblende is shown on the left. The 
Raman spectrum of these pyroxene grains shows main peaks 
at 695 cm–1 and 370 cm–1 (Fig. 3c), and such values are 
typical for jadeite with a small omphacite component (Wang 
et al. 2001). Microprobe analyses showed that these crystals 
are nonstoichiometric with a vacancy of ~ 0.23 at the M2 
site (Table 2).

More remote from the SMV with nonstoichiometric 
omphacitic jadeite (Fig. 2b), aggregates of jadeite sheaves 
occur (Fig. 2e). The sizes and radiating textures of these 
crystals are exceptional. These jadeite grains are nearly 
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Fig. 3   Raman spectra of shock-induced minerals and glasses in sam-
ples ZLN141 and ZLN128. a Nonstoichiometric omphacitic jadeite 
within a shock vein. The relative broad form of the peaks is remark-
able. b This spectrum clearly shows the glassy state of a former 
analcime veinlet. c Nonstoichiometric jadeite. d Jadeite. e Nonstoi-
chiometric K-jadeite. f 'Pre-Ries' prehnite with indication of OH. g 

'Pre-Ries' prehnite (black) partially replaced by clinozoisite (green). 
h Pure clinozoisite with indication of OH. i Grossular. j Spectrum of 
blocky jadeite. k Spectrum of diaplectic plagioclase glass with some 
jadeite. l Spectrum of a fine-grained grossular-jadeite assemblage at 
the bright ridge around DPG in Fig. 5c



	 Contributions to Mineralogy and Petrology (2022) 177: 80

1 3

80  Page 10 of 27

stoichiometric (Table 2). Their Raman spectrum (Fig. 3d) 
shows two main peaks at 699 and 373 cm–1 as well as two 
peaks at 984 and 1036 cm–1, typical for pure jadeite (Wang 
et al. 2001; Prencipe et al. 2014). It is thought that these 
‘huge’ pyroxene grains resulted by crystallization from 
molten analcime material.

The volumes of DPG on the right-hand side of Fig. 2c 
show several linear dark zones that sometimes merge into 
areal zones (red arrow marks one of these numerous 'fields'). 
These shock-induced molten zones are Na-Si-rich and prob-
ably developed at places, where the former Ca-rich plagio-
clase contained cracks or fissures leading to stronger shock 
reverberation with fusion. Newly formed tiny crystals are 
indicative for presence of shock-induced melts.

On the right-hand side of the shock vein such a former 
sericitized Ca-rich plagioclase grain exists in close contact 
with the vein (Fig. 2f). This grain is completely converted to 
small-sized grains of nonstoichiometric K-rich jadeite with 
1.2–1.6% K2O that also show Si ≈ 2 apfu, Al ≈ 1 apfu, but a 
significant M2-vacancy of about 0.22 apfu (Fig. 2f; Table 2). 
The Raman spectrum of this phase is given in Fig. 3e. The 
hollow dark interstices in between these pyroxene grains 
could be explained by a former SiO2-rich glass that was later 
dissolved.

Ca‑rich high‑pressure phases resulting from shock 
fusion of prehnite

A small contact zone of a SMV in ZLN128 with a prehnite 
veinlet is shown in Fig. 4a. The 200 to 600 -hick veinlet is 
cut by a diagonal SMV. In the contact zone of the SMV 
and the prehnite veinlet lots of fine-grained grossular-rich 
garnet are visible. In this area, the chemical composition of 
the 'normal' SMV (mixtures between hornblende and pla-
gioclase compositions) was obviously influenced by addi-
tional material from the Ca-rich prehnite veinlet and this 
change in bulk melt composition must be the reason for the 
dominance of grossular (Fig. 4a). A bit further away within 
the SMV, magnesio-hornblende is majoritized (MajMhb) 
and the accompanying garnets are majoritic. At places, the 
SMV contains precipitates of kyanite and longish crystals of 
slightly nonstoichiometric omphacitic jadeite within a Ca-
rich melt glass with bubbles (Fig. 4b).

At an outside distance of ~ 300 μm from the SMV, tiny 
crystals of clinozoisite (Clz) are beginning to grow within 
the original prehnite veinlet (Fig. 4c). The Raman spectra of 
the prehnite veinlet and the area with novel crystallizations 
of clinozoisite are shown in Fig. 3f, g. A sector closer to the 
shock vein margin shows total transformation of prehnite 
to clinozoisite as confirmed with the Raman spectrum in 
Fig. 3h. In closer proximity to the SMV, prehnite was trans-
formed to fine-grained grossular and a darker gray-colored 
glassy phase. Many roundish black holes often aligned with 

each other are indicative for a loss of fluid after and dur-
ing solidification. This fluid was derived from prehnite and, 
thus, was H2O-rich (Fig. 4d).

The frequent occurrence of grossular garnet grains in 
ZLN128 is linked to Ca-rich prehnite material close to or 
within shock veins. Attempts to analyze grossular grains 
generally were not successful, although Raman spectra con-
firm the sole presence of grossular garnet (Fig. 3i). The Si 
and Al contents in our ‘grossular’ analyses are generally too 
high, whereas those of Ca are too low, far away from stoi-
chiometry (Table 3). Many of these grossular grains contain 
small (< 1 µm) dark-gray inclusions (Fig. 4b), the character 
of which could not be determined. A similar observation 
was made by Liu et al. (2012) in an experimental study, 
where synthesized grossular garnet grains were found to be 
generally richer in Si and Al, but poorer in Ca than the ideal 
formula. In many cases, larger grains of grossular are poiki-
litic (Fig. 4e), but smaller grains seem to be homogeneous 
(Fig. 4f). In both cases, the Raman spectra indicate the sole 
phase of grossular (Fig. 3i). It is, therefore, supposed that 
the small roundish inclusions should be a glassy phase, but 
their true nature remains unknown.

Breakdown of plagioclase in a Na‑Ca‑rich system

Tiny crystals of 'jadeite' in DPG domains were first reported 
from shocked amphibolite of the Ries crater long times ago 
(James 1969). The break-down of analcime into blocky laths 
of jadeite within and in proximity to SMVs occurs in sec-
tion ZLN128a (Fig. 5a). Moreover, in ZLN128 an instruc-
tive example of shock-induced transformation of DPG into 
jadeite and grossular is seen in Fig. 5b, c. Dark-colored inter-
stices in the agglomerated Na-rich pyroxenes are ubiquitous. 
Such material may have been dissolved by a fluid-rich phase. 
Small-sized bright-colored clusters of grossular occur within 
the assembly of jadeite grains as shown in Fig. 5b–d. The 
Raman spectra of the newly formed grossular and jadeite are 
depicted in Fig. 3i, j.

The plagioclase grain was partially transformed to DPG 
(Fig. 5b, c; Table 1) and the Raman spectrum shows the 
typical undifferentiated broad 'glass-like' peak of DPG 
at ~ 500 cm–1 (Fig. 3k). The small seam at the border zone 
next to jadeite grains consists of a fine-grained intergrowth 
of jadeite and grossular (Fig. 5c and 3l). This seam was 
originally fused, whereas the residual DPG was shock-trans-
formed in the solid state (von Engelhardt et al. 1967; Jaret 
et al. 2015).

Shock‑induced phases from K‑Na‑rich melts 
produced from sericitized plagioclase

Plagioclase grains in samples ZLN128/128a and ZLN141 
contain masses of irregularly distributed secondary sericite 
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(Fig. 1c). The sericitization is strongest in formerly Ca-rich 
portions of plagioclase, indicating that Ca was lost from 
the local system while K was gained during this process. 
The resultant two-phase mineral mixture of relatively Na-
rich plagioclase and sericite is thermally unstable not only 
within, but also in the vicinity of SMVs. A first instruc-
tive example is seen in ZLN128 (Fig. 6a), where a curved 
end of a former sericitized plagioclase grain extends into 
a ~ 400 μm-thick shock vein (red arrow). Close to the vein, 

the grain of sericitized plagioclase was totally melted and 
various fine-grained high-pressure phases crystallized from 
the melt. The chemical compositions of these phases reflect 
the composition of the liquid. Some newly formed majoritic 
garnet grains within the former Na–K rich melt document 
the momentarily prevailing high pressures of the dynamic 
shock event (Fig. 6b, c). The chemical composition of the 
melt glass shows an alkali-silica-rich mode (Table 1), and 
the correspondent Raman spectrum is consistent with its 

Fig. 4   BSE-images of shock-induced phases at the contact of a 
prehnite veinlet with a shock vein in ZLN128. a Contact of a prehnite 
veinlet (blue) with a ~ 600 μm-wide shock vein (red). The shock vein 
at this place is full of grossular due to admixture of prehnite melt. b 
A larger grain of grossular within a shock vein containing many dark 
'glassy' inclusions. The grain is surrounded by jadeite (Jad), kyanite 
(Ky) and glassy material. The dark round blebs (outside grossular) 
suggest the presence of H2O. c Initiation of clinozoisite crystalliza-

tions in the prehnite veinlet in close neighborhood to the shock vein 
(~ 300  μm). d Intimately aggregated grossular garnet grains (light) 
and glass (gray) directly at the edge of a shock vein (right upper cor-
ner). Note the roundish black holes that often follow each other like 
pearls on a chain. These hollows are probably derived from exsolved 
H2O. e Close-up of assembled single grains of grossular. Note the 
poikilitic texture of individual grains. f Assemblage of shock-induced 
euhedral grossular crystals
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glassy state (Fig. 7a). Within this melt glass very small 
grains of kokchetavite are assembled (Figs. 6b and 7b).

The K-feldspar polymorph kokchetavite was explic-
itly identified by its characteristic triple of Raman bands 
at ~ 106 cm–1, 388 cm–1 and 833 cm–1 (Fig. 7b). The posi-
tions of the first two bands are clearly different from those of 
K-cymrite at ~ 115 cm–1 and 381 cm–1 (Kanzaki et al. 2012; 
Mikhno et al. 2013; Ferrero et al. 2016; Romanenko et al. 
2021). In our sample ZLN128/128a nanometer-sized grains 
of kokchetavite are often surrounded with albitic jadeite 
(Fig. 6c) as is also indicated by Raman spectra (Fig. 7c). 
Moreover, another relatively strong peak at ~ 760 cm–1 exists 
in most of our Raman spectra of coexisting jadeite and kok-
chetavite (Fig. 7c). This striking, relatively broad peak is 
completely lacking in the Raman spectra of both single 
phases (Fig. 7b, p). Furthermore, the local bulk chemistry of 
the system (K-Na-rich; Table 1) and the spectral position of 
this peak give strong evidence for the presence of lieberman-
nite (Lib) with its diagnostic major peak at 760–765 cm–1 
(e.g. Liu et al. 2009; Ma et al. 2018; Chen et al. 2019). 
We were not able to identify Lib in several BSE images 
of ZLN128, probably due to the generally very small grain 
size in the nm-scale. Nevertheless, in nine Raman analyses 

of these kokchetavite-bearing jadeite grains, we found this 
peak at ~ 760 cm–1, and only in four analyses this peak did 
not occur. Such tiny aggregations of Lib were also illustrated 
by Langenhorst and Poirier (2000b) and Sharp and DeCarli 
(2006).

In our sample ZLN128, the Na-rich high-pressure phase 
in the alkali-rich melt glass is albitic jadeite (Figs. 6c, d, 
7d) as defined by Ma et al. (2022). Our attempts to analyze 
this clinopyroxene resulted in analyses that have Si ≈ 2.19 
apfu, Al ≈ 0.8 apfu and a strong M2-vacancy of ~ 0.25 apfu 
(Table 2). Kokchetavite and albitic jadeite are accompanied 
by a few grains of xenoblastic majoritic garnet with strong 
reflectivity (Fig. 6c, d). The chemical composition of the 
garnet phase records the current crystallization pressure in 
the local melt (Table 3) as will be discussed later.

Irregular patches of K-rich white mica occur frequently in 
DPG volumes close to SMVs. Electron microprobe analyses 
of an original sericitic muscovite (Si ≈ 3.11 apfu) in plagio-
clase and a phengite (Si ≈ 3.4 apfu) formed during shock 
are given in Table 1. Our Raman shift spectrum of phengite 
is shown in Fig. 7e. Using the data presented in Fig. 7.5 of 
Li et al. (2011), the peak positions at 196, 264, 416, 640 
and 703 cm–1 suggest Si contents between 3.2 and 3.3 apfu.

Fig. 5   Occurrence of normal jadeite within ZLN128a/ZLN128. a 
Assemblage of blocky jadeite grains close to a shock vein. b BSE 
image of a former plagioclase grain enclosed within a shock vein. 
The upper part consists of jadeite and patches of grainy grossular, 
while the lower part contains relic DPG. Shock-induced grains of 

jadeite and grossular in plagioclase of the host. c Close-up of lower 
part of Fig. 5b with a relic grain of diaplectic plagioclase glass (DPG) 
surrounded by a rim of jadeite + grossular. d Close-up of an assem-
blage of grossular (bright grains) within aggregated jadeite grains
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A further example of a K-Na-rich melt glass occurs in 
ZLN 128a (Fig. 1c, arrow 1). Besides kokchetavite and 
albitic jadeite, some grains of grossular and clinozoisite 
may locally be present (not shown here). This seems at a 
first glance anomalous. However, prehnite in amphibolite 
ZLN128/128a appears also sporadically within some for-
mer grains of variably sericitized plagioclase. When shock-
transformed, such heterogeneous mineral aggregates may be 
transformed to chemically heterogeneous glass with domains 

that are either richer in Ca or in K–Na, depending on the 
degree of former sericitization of plagioclase. This explains 
why grossular and clinozoisite are present only locally. 
Moreover, the alkali-rich melt glass domains of ZLN128a 
may rarely contain some larger grains of microcline with 
crossing lamellae (Fig. 6f; Table 1) that are thought to be 
primary.

Beyond that, we also found a former strongly sericitized 
plagioclase grain as clast within a SMV in ZLN141 (Fig. 1a; 

Fig. 6   Various minerals in a Na–K-rich melt glass in ZLN128/128a. 
a BSE image of a former sericitized plagioclase grain that is now 
converted into a Na–K-rich glass that has a tip (red arrow) into a 
shock vein filled with majoritic garnet 1. The SMV is marked with 
red dashed lines. Along the right rim of the glass exist some grains 
of a majoritized hornblende (MajGrt). b Fine-grained inclusions 
of nanometer-sized kokchetavite (bright spots) in a Na–K-rich melt 
glass. c Liebermannite (Lib) and Ba-rich kokchetavite (Ba-Kok) 

(light gray) and albitic jadeite (medium gray) together with Na–K-
rich glass. Within the left part of the figure several grains of MajGrt 
4 are visible d Majoritic garnet 4 and grayish albitic jadeite grains. e 
Grain of shock-induced phengitic muscovite (Ph) in contact with Na–
K-rich glass. f Crossing of light and dark lamellae within a primary 
grain of microcline-perthite (Mc). The bright grain on the left-hand 
side consists of a magnesio-hornblende (Mhb) of the host amphibolite
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red arrow 4). The wedge-shaped clast of DPG contains 
µm-sized crystals of liebermannite (K-hollandite) laying 
within irregular domains of K-Na-rich melt glass (Fig. 8a, 
b). The distribution of K and Ca within the small areal por-
tion is shown in Fig. 8c, d. At two places (red points in 
Fig. 8b) we got Raman spectra with the strongest peaks of 
liebermannite at 218 cm–1, 276 cm–1 and 759 cm–1 (Fig. 8e). 
The broad peak at ~ 500  cm–1 belongs to the alkali-rich 
melt glass that hides additional small peaks of Lib at about 
521 cm–1 and 539 cm–1 (Liu et al. 2009; Chen et al. 2019).

Existence of grossular, vuagnatite, 
and lawsonite + coesite in Ca‑rich domains

In sample ZLN128a (Fig. 1c, lower red arrow 2), the vol-
ume between a SMV (right upper corner) and a large grain 
of majoritized magnsio-hornblende (MajMhb) at the left 
(Fig. 9a) is characterized by a three-part zone of (1) gros-
sular (Grs) grains adjacent to the SMV, (2) coexisting gros-
sular (Grs) + vuagnatite (Vua) at larger distances of about 
20–50 µm from the SMV and (3) isolated grains of majoritic 
garnet 5 along the contact with chlorite and/or majoritized 
magnesio-hornblende. In all three subzones, the minerals 
are surrounded by a dark-gray clayey matrix of kaolinite that 
most probably resulted from residual liquid transformed to 
glass (Fig. 9a, b). Due to the small grain size of grossular 
and vuagnatite, their identity could only be determined by 
Raman spectroscopy (Fig. 7g). These two minerals form het-
erogeneous patches of roundish to lobate shape (Fig. 9b) that 
point to rapid growth of these two phases from an originally 
Ca-rich silicate melt. We assume that this shock-induced 
liquid was derived from Ca-rich plagioclase. It is striking 
that vuagnatite only occurs at some distance from the hot 
SMV (Fig. 9a).

On the right-hand side of the SMV, a similar succession 
of mineral zones occurs (Fig. 9c). Grossular alone at the 
contact to the SMV is followed by a zone of Grs + Vua, that 
grades into a zone of single vuagnatite (Fig. 9d). The latter 
zone may then be bordered by DPG and is partly converted 
to a fine-grained intimate mixture of lawsonite (Lws) and 
coesite (Coe) (Fig. 9c, d, f). This sequence of mineral zones 
was documented by Raman spectroscopy (Fig. 7h–j). More 
remote to this P–T dependent sequence of high-pressure 
phases at a distance within ~ 320 µm, there exist primary 
minerals of the host amphibolite (ZLN128a). The fine-
grained lawsonite + coesite assemblages are in close contact 
with diaplectic Ca-rich plagioclase glass (DPG) as shown 
in Fig. 9c, f.

Between a SMV shown in Fig. 10a (lower left) and a large 
grain of marginally majoritized hornblende (MajMhb), there 
exists a zone rich in montmorillonite assumed to represent 
former glass. Adjacent to MajMhb, this zone contains sub-
hedral to longish Ca-rich majoritic garnet grains, while small 

isometric majoritic garnet 2 grains are present near to the 
contact to the SMV (Fig. 10b, c). Results of EMPA analyses 
of the Ca-rich majoritic garnet grains yielded compositions 
far away from garnet stoichiometry. However, even though 
most of these grains show fluorescence, their Raman shift 
spectra (Fig. 7k) point to a Ca-rich majoritic garnet with 
significant amounts of Fe and Mg (main band at 901 cm–1 
instead of ~ 880 cm–1). It is thought that the ‘anomalous’ 
chemistry of the Ca-rich majoritic garnets is due to tiny 
glass inclusions that cannot be clearly recognized in our 
BSE images.

A large grain of amphibole (Mhb) of Fig. 10a shows 
a marginal zone with higher reflectivity. This bright 
region consists of shock-induced majoritized hornblende 
(MajMhb). The characteristic Raman spectrum is shown in 
Fig. 7m. The broad shoulder at 800–900 cm–1 marks the 
specific Raman vibrancy of the majorite component (Kunz 
et al. 2002; Gillet et al. 2002). Intense brown–red colors in 
transmitted light characterize these striking shock-induced 
garnet-rich zones in amphiboles in touch with SMVs (Stähle 
et al. 2011: Fig. 2a). However, the strongest Raman band 
at 915 cm–1 (Fig. 7m) differs slightly from that of major-
itic garnet (920–922 cm–1) formed from liquids as shown 
in Fig. 7n, o.

At another place of the latter SMV, along the edge with 
chloritic material, there exists a small fringe of lathy crystals 
(Fig. 10d). We suppose that these newly formed grains are 
shock-induced crystals of vuagnatite (Vua) as was revealed 
by Raman spectroscopy (Fig. 7l). However, the main Raman 
bands are very broad and look rather unspecific. Moreo-
ver, the chemical analysis shows remarkable contents of 
MgO and FeO. It is well possible that these components are 
derived from interstices filled with montmorillonite (Mnt) 
material (Fig. 10d).

Majoritic garnet within and outside SMVs

In sample ZLN128/128a, majoritic garnet not only occurs 
within SMVs (Stähle et al. 2011, 2017), but also in their 
neighborhood, where different textural types can be distin-
guished. Analyses of these garnets are given in Table 3. Sub-
sequently, we will characterize these five various types of 
majoritic garnet, and we will give crystallization pressures 
calculated according to Wijbrans et al. (2016) as follows:

(1) The first type of majoritic garnet (MajGrt 1) occurs 
within SMVs and its grains are mostly hypidiomor-
phic (Fig.  10a–c; Table  3). Chemical compositions of 
seven majoritic garnet grains show Si = 3.35–3.50 apfu, 
Na = 0.12–0.21 apfu, and Ca = 0.89–1.48 apfu, resulting in 
crystallization pressures between 16.3 and 18.6 GPa with a 
mean of 17.0 ± 0.8 GPa (1 s).

(2) Hypidiomorphic grains (MajGrt 2) also occur out-
side of, but close to the contact with SMVs (Fig. 10b, c). 
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The space between individual grains consists of montmo-
rillionite and is thought to represent former residual glass. 
Their compositions are Si ≈ 3.42 apfu, Na ≈ 0.12 apfu 
and Ca ≈ 1.01 apfu (Table 3) resulting in a pressure of 
16.3 GPa.

(3) A small seam of majoritic garnet (MajGrt3) along the 
grain of partially majoritized magnesio-hornblende occurs 
at some distance to SMVs (Fig. 10b, red arrow). This garnet 
shows Si ≈ 3.37 apfu, Na ≈ 0.06 apfu, and Ca ≈ 0.59 apfu, 
resulting in a pressure of 13.3 GPa (Table 3).
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(4) Xenoblastic majoritic garnet grains (MajGrt 4) in 
close association with liebermannite, kokchetavite and 
albitic jadeite occur within K-Na-rich melt glass (Fig. 10e). 
A Raman spectrum of this garnet type is given in Fig. 7n. 
The grains are characterized by Si = 3.21–3.32 apfu, 
Na = 0.06–0.18 apfu and Ca = 0.02–0.08 apfu, resulting in 
P values of 8.9–11.4 GPa (Table 3).

(5) Solitary xenomorphic grains of majoritic garnet 
(MajGrt 5) occur between MajHbl and/or chlorite and the 
zone of grossular + vuagnatite (Fig. 10f). A Raman spectrum 
is given in Fig. 7o. The composition of MajGrt 5 is only 
slightly majoritic with Si = 3.06–3.10 apfu, Na = 0.00–0.04 
and Ca = 0.31–0.40 apfu, resulting in pressure values of 
8.2–8.7 GPa (Table 3).

Discussion

Behavior of water during shock metamorphism

Input of water generally lowers the fusion points and 
enhances diffusion rates of the ionic constituents in melts 
for nucleation and growth of new mineral phases. In marked 
contrast to most shocked meteorites that are nearly dry, 
coarse-grained terrestrial target rocks may still contain pri-
mary (‘pre-shock’) OH-bearing minerals adjacent to or even 
within shock veins, despite high shock-metamorphic tem-
peratures. Before the Ries impact, the Variscan amphibolitic 
rocks in the basement contained many OH-bearing minerals, 
such as primary magnesio-hornblende and secondary chlo-
rite, sericite, prehnite, and analcime. If a shock vein trav-
erses a pre-existing veinlet with analcime or prehnite or an 
originally Ca-rich domain of a larger plagioclase grain that 
is sericitized, melting may occur not only within the shock 
vein, but also in its neighborhood in which OH-bearing min-
erals are present. Moreover, the examples for such a situa-
tion as presented in this paper show that even shock-induced 
high-P mineral phases such as lawsonite, clinozoisite and 

vuagnatite may still contain water that originally was pre-
sent in pre-shock minerals. This water not only lowers the 
solidus of MORB, but also enhances the transport of ions 
and metamorphic reactions rates.

Formation of liebermannite

Recently Ma et al. (2018) characterized liebermannite from 
the Martian meteorite Zagami. This mineral is a high-pres-
sure modification of K-feldspar and was first synthesized 
by Ringwood et al. (1967). These authors underlined the 
enormous change in density of this phase from 2.55 to 
3.84 g  cm–3, an increase of ~ 50%. The formation of the 
1–5 µm large liebermannite crystals in ZLN141 (Fig. 8a, 
b) was favored by their occurrence within a clast of DPG, 
which was enclosed in the matrix of a SMV. The surround-
ing majoritic garnets indicate high crystallization pressures 
of ~ 17 GPa (Stähle et al. 2017). The sixfold coordinated 
dense potassium-bearing phase liebermannite was first iden-
tified in the Ries crater and, to the best of our knowledge in 
the assemblages of terrestrial rocks as well.

Formation of albitic jadeite together 
with liebermannite and kokchetavite in Na–K‑rich 
melt glass

Tiny grains of albitic jadeite with Si = 2.19 apfu and a 
M2-deficit of ~ 0.25 were detected within local melt glass 
domains (Fig. 6c, d; Table 2). An aggregate of similar albitic 
jadeite grains surrounded by majoritic garnet grains was 
found by Ma et al. (2020, 2022) within a SMV of another 
amphibolite from the Ries (ZLN100) that originally was 
described by Stähle et al. (2011, 2017). From the composi-
tion of majoritic garnet nearby albitic jadeite in this sample, 
Ma et al. (2022) postulated formation pressures of 18–22 
GPa using the calibration method of Collerson et al. (2010). 
However, using the barometer equation of Wijbrans et al. 
(2016) yields a lower pressure of 17.8 GPa.

 The low-P boundary of the stabiltiy field of Lib is at 
pressure values of ~ 9.0 GPa at 600 °C and ~ 10.3 GPa at 
1700 °C (Urakawa et al. 1994; Nishiyama et al. 2005). At 
lower pressure values, Lib has been shown to be replaced by 
Si-wadeite + kyanite + coesite as follows:

(Yagi et al. 1994; Urakawa et al. 1994; Yong et al. 2006). 
Formation pressures of the Lib-bearing assemblage can be 
estimated from chemical analyses of MajGrt 4 grains that 
coexists with Lib, albitic jadeite, and kokchetavite (Table 3) 
within an area of about 7 × 7 µm2 (Fig. 10e).

Kokchetavite (Kok) together with K-cymrite 
(KAlSi3O8

.nH2O; 0 < n ≤ 1) was first discovered as 
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Fig. 7   Raman spectra of shock-induced minerals and glasses in 
ZLN128 and ZLN128a. a Alkali-rich melt glass. b Kokchetavite; 
a triple at 106  cm–1, 388  cm–1 and 833  cm–1 Raman shift is charac-
teristic. c Multiphase Raman spectrum of kokchetavite and albitic 
jadeite. Note a single band at 760  cm–1 Raman shift. It belongs to 
the strongest band of liebermannite. d Albitic jadeite. e Phengitic 
muscovite. f Microcline. g Composite Raman spectrum of grossular/
vuagnatite. h Grossular. i Vuagnatite. j Composite Raman spectrum 
of lawsonite/coesite. k Ca-rich majoritic garnet. l Lath-shaped vuag-
natite in ZLN128a. Note the broad Raman bands. m Shock-induced 
majoritic hornblende. The broad shoulder at 800–900 cm–1 character-
izes the majoritic component. n Spectrum of majoritic garnet in an 
alkali-rich melt glass (MajGrt 4). o Spectrum of a majoritic garnet 
in a clayey matrix (MajGrt 5). p Raman spectrum of the assemblage 
kokchetavite + liebermannite + albitic jadeite in K-Na-rich melt glass 
close to MajGrt 4 in ZLN128. Note the single peak at 759  cm–1 
Raman shift of liebermannite

◂
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µm-sized inclusions in clinopyroxene and garnet in the 
Kokchetav ultrahigh-pressure complex (Hwang et  al. 
2004). It was erroneously assumed that both phases are 
characterized by the same space group (P6/mmm) and 
that Kok is only formed by continuous dehydration of 
K-cymrite (Mikhno et  al. 2013; Ferrero et  al. 2016). 
Moreover, Romanenko et al. (2021) experimentally pro-
duced K-cymrite and dehydrated this phase to Kok. These 
authors also found that the space group of Kok is P6/mcc 
and not P6/mmm as assumed before. Therefore, the reac-
tion K-cymrite = kokchetavite + H2O cannot any longer 
be regarded as a second-order reaction and Kok does not 
necessarily seem to be a metastable phase. We should, 

however, not forget that this mineral is a low-density 
phase (~ 2.45 g cm–3) and was observed to be stable at < 3 
GPa in high-pressure granulites of the Bohemian Massif 
(Ferrero et al. 2016).

In the shocked Ries amphibolites, Kok occurs within 
K-Na-rich melt glass that was produced by low-T melt-
ing of a sericitized Na-rich plagioclase. We did not find 
K-cymrite. Instead, Kok occurs in intimate association 
with Lib and albitic jadeite (Figs. 6c, 10e). So far, we 
could not observe the exact textural relationship between 
liebermannite and kokchetavite, but it could well be that 
Kok was retrogressively formed from liebermannite or 
crystallized late as a single phase on pressure release. 

Fig. 8   Genesis of liebermannite within a former sericitized plagio-
clase grain in ZLN141. a A former sericitized plagioclase grain now 
consists of diaplectic plagioclase glass (DPG) and areas of lieberman-
nite (Lib) that were generated in sericitized portions of the former 
plagioclase. The grain occurs as clast within SMV. b Details of a. 

Note the red points where the Raman spectra of liebermannite came 
from. c K distribution in the area of b. d Ca distribution in the area 
of b. e Raman spectrum of a liebermannite-rich portion and a mixed 
glass of sericite and DPG
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Fig. 9   Shock-induced assemblages of vuagnatite/grossular and law-
sonite + coesite in ZLN128a. a This BSE-picture shows a zone in 
between a SMV (on the upper right) and a larger primary grain of 
magnesio-hornblende (Mhb) on the left. The rim of this Mhb grain 
is shock-converted to majoritic garnet. Note the chlorite grain adja-
cent to MajHbl. This grain is partially surrounded by MajGrt 5. The 
interspace between MajHbl and the SMV is characterized by a clayey 
matrix (medium gray) that represents former glass. Fine grained 
aggregates of grossular (near to the SMV) and intergrown patches 
of grossular + vuagnatite near to the magnesio-hornblende. b Close-
up of rounded to lobate patches of intergrown grossular + vuagnatite 
in a clayey matrix. Originally these intergrowths formed in a Ca-rich 
high-pressure melt. After their crystallization, the remaining melt 
altered to a clayey matrix rich in kaolinite (at post-shock times). c 
Heterogeneously composed zone between a shock vein (left) and a 
magnesio-hornblende grain (right). The light gray patches in the cen-

tral part consist of diaplectic plagiclase glass (DPG). Note the zones 
of grossular and grossular + vuagnatite close the shock vein. The 
occurrence of a sole vuagnatite is indicated. Note the NNE-SSW ori-
ented strip of lawsonite + coesite in the center of the picture. d Detail 
of Fig.  9c: Fine-grained monomineralic assemblage of vuagnatite 
(center of the picture). The light patches on the left are intergrowths 
of grossular + vuagnatite. On the right-hand site there is DPG and a 
zone of lawsonite + coesite. e Single grains of vuagnatite are shown in 
the center. The light-colored grains at the bottom left are aggregations 
of grossular grains. f Detail of the center of Fig. 9c: A ~ 50 μm-wide 
band of fine-grained lawsonite + coesite is displayed in the center. On 
both sides and inside of this lawsonite + coesite (Lws + Coe) assem-
blage are relic portions of DPG. On the left side, there is a zone 
beside the shock vein consisting of grossular grains within a clayey 
matrix interpreted as former melt
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It will be necessary to investigate this very fine-grained 
association of the three phases by means of a transmission 
electron microscope.

Formation of vuagnatite

The detection of vuagnatite within the shocked amphibo-
lite ZLN128a was only possible by the usage of Raman 
spectroscopy. Vuagnatite in nature was early observed in 

Fig. 10   Occurrence of majoritic garnet in ZLN128/128a. a Between 
a shock vein with a multitude of majoritic garnet 1 grains (MajGrt 
1) and a large grain of relict magnesio-hornblende (Mhb) that is 
strongly majoritized (MajMhb), there is a zone of MajGrt 2 grains 
at the edge along SMV. In front of the magnesio-hornblende occur 
Ca-rich majoritic garnets. b Close-up of Fig. 10a: Surrounding of a 
shock vein (lower left) is formed by a zone of MajGrt 2 grains that 
are ‘embedded’ in montmorillonite (Mnt) grown from former glass 
(residual melt after crystallization of MajGrt 2). Note the small 
seam of MajGrt 3 (red arrow) along the edge of MajMhb. c Shock 
vein with smaller majoritic garnet 1 grains is followed by an adjacent 
zone of larger MajGrt 2 grains that also crystallized from a melt (now 
recrystallized to Mnt). d At further distance from the shock vein, 

a ~ 5  µm-wide zone of lathy vuagnatite (Vua) is visible followed by 
majoritized magnesio-hornblende (MajMhb) and chlorite (Chl). e At 
the left-hand side of a larger bright grain of majoritic garnet (MajGrt 
4), a zone of very fine-grained kokchetavite (Kok) and lieberman-
nite (Lib) occurs. The brighter parts of this zone are caused by local 
enrichments of Ba (Ba-rich Kok). Grains of albitic jadeite occur on 
the left. The original Na–K-rich melt glass is seen in the upper right-
hand part of the picture. f A curved row of majoritic garnet grains 
(MajGrt 5) embedded in kaolinite are shown in the center of the 
photograph. There are also grains of chlorite (Chl) at the margin of 
MajMhb. On the right-hand side there are patches of intergrown gros-
sular + vuagnatite (Grs + Vua)
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low-grade high-P/T metamorphic rocks of the Franciscan 
formation in California (Pabst 1977) and in metasomatic 
rodingitic dykes of the Turkish Taurus Mountains (Mc 
Near et al. 1976; Sarp et al. 1976). Moreover, it occurs 
in veins cutting serpentinite rocks from New Zealand 
(Craw et al. 1979) and from Shima Peninsula in Japan 
(Matsubara et al. 1977). This mineral is so far consid-
ered to have formed under metamorphic conditions of 
the prehnite-pumpellyite facies, if PH2O is high enough 
(Pabst 1977). Despite the observed exclusive occurrence 
of vuagnatite in natural low-grade rocks, Pabst (1977) 
predicted that this mineral must be a high-pressure phase 
due to its calculated high density of 3.416 g/cm3. Interest-
ingly, vuagnatite was never experimentally synthesized 
in the chemical system CaO-Al2O3-SiO2-H2O (CASH), 
even at elevated pressures (Schmidt 1995; Ono 1998; 
Poli and Schmidt 2002). Vuagnatite in shocked Ries 
rocks (ZLN128a) is derived from Ca-rich plagioclase 
(An71–75) and was coprecipitated preferentially with gros-
sular (Fig. 9a–e). It is striking that grains of grossular that 
occur close to SMVs constantly lack a coprecipitation of 
vuagnatite as may be seen in Fig. 9a, c.

P–T estimates based on majoritic garnets 
and lawsonite in melt pools outside SMVs

The chemical composition of majoritic garnets 4 and 5 
(Fig. 10e, f) record effectively the actual crystallization 
pressures when calculated with the barometer for eclogitic 
compositions after Wijbrands et al. 2016). The coexisting 
shock-induced mineral grains in the original dense liquids 
may be formed at similar P–T conditions. Temperature esti-
mates were done according to the experimentally determined 
stability fields of lawsonite in the CASH-system (Schmidt 
1995) and in the hydrous MORB system (Poli and Schmidt 
1995; Okamoto and Maruyama 1999).

Formation pressures of the liebermannite-albitic jadeite-
kokchetavite-bearing paragenesis lies in the range of 8.9 
– 11.4 GPa as can be estimated from chemical analyses of 
MajGrt 4 grain (Figs. 10e and 11a; Table 3). Majoritic gar-
net 5 located between a grossular + vuagnatite zone and a 
large grain of majorized hornblende and fine-grained chlo-
rite (Figs. 9a and 10f) yielded calculated pressure values 
between 8.2 and 8.7 GPa (Fig. 11b; Table 3). As can be 
seen from this figure, the upper temperature limit of stable 
lawsonite + coesite lies within the stability field of lawsonite 
in the CASH system but is probably somewhat higher than 
the upper stability limit of Lws in the system MORB + H2O.

Fig. 11   a P–T diagram with the reactions of liebermannite = Si-wade-
ite + kyanite + stishovite and Si-wadeite + kyanite + stishovite = sani-
dine (Chang et  al. 2013), Stishovite = Coesite (Ono et  al. 2017), 
Coesite = Quartz (Bose and Gangly 1995), TiO2 (II) = Rutile (With-
ers et  al. 2003), and Diamond = Graphite (Day 2012). The approxi-
mate stability of MajGrt 4 with liebermannite and albitic jadeite is 
indicated. Note that the exact temperature of this paragenesis is not 

known. b P–T diagram with stability fields of lawsonite in the CaO-
Al2O3-SiO2-H2O (CASH) system (Schmidt 1995; Poli and Schmidt 
1995) and in the system MORB + H2O (Okamoto and Maruyama 
1999). The stability pressure MajGrt 5 is indicated (T is assumed). 
The possible stability of grossular + vuagnatite occurring near to 
SMVs is indicated
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It is obvious from Fig. 11a, b that the crystallization of 
the shock-induced phases liebermannite, albitic jadeite, 
kokchetavite, vuagnatite and lawsonite + coesite started 
at ~ 900 °C in the low-pressure part of the stability field of 
liebermannite and continued to the high-pressure part of the 
lawsonite + coesite stability fields.

P–T evolution after shock‑melt vein generation

The investigated coarse-grained amphibolite clasts contain 
SMVs that are thin relative to the average mineral grain size. 
Moreover, the rocks contain secondary 'pre-Ries' veinlets 
consisting of either prehnite or analcime, and many of their 
Ca-rich plagioclase grains were severely sericitized before 
the impact. These conditions lead to different chemical bulk 
compositions of both the SMVs and their neighborhoods. 
Therefore, it is important to take into consideration local 
equilibrium values and reactive bulk compositions. Another 
important aspect lies in the maximum P–T conditions that 
were reached in both the SMVs and their surrounding areas 
within distances of about 300 µm to the SMV. Still, there is 
another fact that needs to be mentioned and this is the role of 
H2O during metamorphic mineral formation. Water always 
makes easier and faster metamorphic reactions, no matter 
of which kind these reactions are. Another quite important 
point is the rheological character of the target rock. In this 
respect, a massive amphibolite is completely different from 
a chondrite.

After the generation of shock-melt veins (SMV) at ~ 17 
GPa and 2100 °C (Fig. 12), rapid cooling occurred resulting 
in MajGrt 1 crystallization that was sometimes accompa-
nied by precipitation of stishovite (Stähle et al. 2011, 2017). 
Somewhat lower pressures of ~ 16.3 GPa are indicated by 
MajGrt 2 that occurs just outside the SMVs and is gener-
ally embedded in a montmorillonite matrix interpreted to 
result from former melt glass (Fig. 10b–d). Temperatures 
are thought to have been considerably lower than those dur-
ing the growth of MajGrt 1, because there are no signs of 
retrogression (Fig. 12). A grain of magnesio-hornblende still 
further away from the SMV and MajGrt 2 (Fig. 10b), shows 
a thin garnetiferous seam of MajGrt 3 that was produced at 
considerably lower pressure of ~ 13.3 GPa.

Since for the Ries impact a rather short isobaric shock 
pulse of ~ 20 ms should be envisaged (Stähle et al. 2017) 
and SMVs are relatively thin, it can be assumed that quench-
ing occurred already during this shock pulse (at least in the 
interior parts of the SMV) and followed a rather steep and 
near-isobaric cooling P–T path, whereby the extent of iso-
baric cooling is inversely related to the amount of melt being 
cooled by conduction. This part of the cooling path would 
then be followed by a phase of decompression with reduced 
cooling (Hu and Sharp 2022), making the path flatter in a 
T-P diagram (Fig. 12).

The occurrence of liebermannite, kokchetavite and albitic 
jadeite in the immediate vicinity of MajGrt 4 (Fig. 10e) indi-
cates crystallization pressures of nearly 10 GPa (Fig. 11a). 
At still somewhat lower pressures between 9 and 8 GPa, 
MajGrt 5 was formed (Figs. 9a, 10f). This majoritic garnet 
was generated at P–T conditions lower than those of the zone 
that is ruled by grossular and vuagnatite, but higher than 
those of the stability field of lawsonite + coesite in MORB 
compositions (Fig. 11b). Finally, there is a low-pressure and 
-temperature zone of the stability of clinozoisite in MORB 
compositions after Wei and Zheng (2020). These conditions 
were only observed in sample ZLN128 at a relatively large 
distance from the SMV (~ 300 µm). Here, clinozoisite sup-
presses prehnite (Fig. 4c).

At this stage of discussion, two matters should be taken 
into consideration. First, majoritic garnets are relatively 

Fig. 12   T-P phase diagram for MORB based on experimental data 
of Litasov and Ohtani (2005). For the sake of clarity, data above 
about 20 GPa have been omitted, because they are not relevant for 
this study. In addition to this phase diagram, stability limits for cli-
nozoisite (Wei and Zheng 2020), lawsonite + coesite (Okamoto 
and Maruyama 1999) and phengite (Schmidt and Poli 1998) in the 
MORB + H2O system are given. Moreover, the MajGrt-in bound-
ary was taken from van Roermund et  al. (2000), the Qtz/Coe phase 
boundary from Bose and Ganguly (1995), and the reaction bound-
ary between Si-wadeite + Ky + Sti/Coe = liebermannite (Lib) from 
Akaogi et al. (2004) and Chen et al. (2019). Furthermore, the solidus 
of MORB + H2O with its second critical end point (SCEP) is from 
Schmidt and Poli (1998). Our study is primarily based on magmatic 
and metamorphic minerals from SMVs and their immediate neigh-
borhood (< 320  µm away from the SMV boundaries). Shock-pro-
duced phases are five different textural types of majoritic garnets that 
were found either within SMVs (MajGrt 1) or outside SMVs with 
increasing distances from their rims (MajGrt 2 to 5). All these textur-
ally different majoritic garnets only provide P estimates, but tempera-
tures are subject to considerable uncertainty
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good indicators of pressure, particularly when they were 
formed within melts, such as MajGrt 1, 2, 3 and 5 that all 
are in contact with former glass (Fig. 10b–d). Even MajGrt 4 
was most probably in contact with K-Na-rich melt (Fig. 10e). 
Temperature values for these majoritic garnets are less clear, 
but at the beginning of cooling and decompression the shock 
melt vein is much hotter than the surrounding bulk rock 
(ΔT ≈ 1500 °C). This implies rapid heat transfer into the 
cold neighborhood of the SMV and rapid quench of SMV 
phases leading to a relatively steep P–T decompression path. 
Moreover, survival of ultrahigh-P phases is only possible, 
if they cool fast below a critical temperature, before a sig-
nificant pressure release takes place (Hu and Sharp 2022). 
In our case, the areal distribution of mineral zones with 
increasing distance from the SMVs mimics the stability 
fields of the observed phases and thus clearly shows first a 
temperature decrease and then a significant pressure release.

Conclusions

Shock-induced melt veins in meteorites or terrestrial 
impactites are local hot zones with high-temperature values 
of > 2000 °C. The melt veins in the Ries crater are predomi-
nantly restricted to moderately shocked rocks (stages M-S3 
to M-S4) with otherwise completely intact primary textures. 
However, in suevites of the Ries, within stronger shocked 
rocks with pumice-like textures (stage F-S6) any shock veins 
are apparently lacking. Unlike most meteorites, the investi-
gated amphibolites were dense silicate rocks.

 The creation of local melts along and outside the walls 
of shock veins was mainly favored by low melting points 
of hydrothermal OH-bearing minerals (analcime, prehnite, 
chlorite) or hornblende, and casually with localized supply 
of H2O from sericitized plagioclase. During shock pressure 
release, intermixtures of variable mineral melts and mafic 
melts may cause formation of stoichiometric and nonstoichi-
ometric jadeite. Fused prehnite induces crystallization of cli-
nozoisite. Melts of Na-rich plagioclase with sericite fillings 
gave cause for the formation of liebermannite, albitic jadeite, 
kokchetavite and phengite. Plagioclase (An71–75) with local 
supply of H2O is responsible for the creation of grossular, 
vuagnatite + grossular, vuagnatite, and lawsonite + coesite.

Local melts that formed outside of the shock veins occur 
at maximum distances of ~ 300 μm from the edges of these 
veins. The newly observed high-pressure phases therein 
show the following characteristics:

1.	 Chemical composition of majoritic garnet 4 and 5 
in local melts at the walls indicate high pressures in 
the range of ~ 8.4–11.4 GPa. The occurrence of law-
sonite + coesite assemblages adjacent to the shock veins 

restrict the maximal operating temperatures to somewhat 
less than 1030 °C.

2.	 The occurrence of liebermannite within a sericitized 
clast of DPG and in local melts adjacent to shock veins 
could be ascertained by usage of Raman spectroscopy. 
The occurrence of this dense high-pressure polymorph 
with sixfold coordinated Si was verified for the first time 
in the Ries impact structure.

3.	 Albitic jadeite with a vacancy at the M2 site of ~ 0.23 
apfu is a Si-rich Na-pyroxene (Si ≈ 2.20 apfu) that very 
probably substitutes for jadeite + coesite/stishovite in the 
shock-induced high-pressure melts.

4.	 Vuagnatite with the chemical formula CaAl[SiO4](OH) 
and a calculated density of 3.416 g/cm3 actually is a 
high-pressure phase. The occurrence of this phase in 
shocked Ries rocks confirms a long-standing prediction. 
Vuagnatite in amphibolite ZLN128a grew within shock-
induced melts of plagioclase composition. However, its 
stability in the P–T field is not known.

5.	 Kokchetavite (KAlSi3O8) occurs as single phase or 
together with liebermannite and albitic jadeite in alkali-
rich melt glasses. It is a stable phase at lower pressures 
(< 3 GPa) and was now identified in shocked rocks of 
the Ries.

6.	 Phengite and clinozoisite are high-pressure phases that 
occur occasionally in alkali-rich or alkali-calcium-rich 
melt glasses. Fine-grained aggregates of lawsonite and 
coesite were formed from An-rich plagioclase under 
simultaneous influx of H2O-rich solutions.

Finally, it should be mentioned that many shock fea-
tures found in basaltic achondrites like Martian meteor-
ite Zagami are also present in veined amphibolites from 
the Ries impact crater. We also suppose that terrestrial 
shocked rocks of diverse chemical compositions and with 
hydrous minerals may contain many new high-pressure 
phases, provided that water-bearing melts are produced. It 
should be emphasized that growth, spatial occurrence and 
chemical composition of the shock-induced high-pressure 
phases within and adjacent SMVs retain a multitude of 
physical data of the transient, high-speed shock wave that 
was ultimately created by an asteroid impact.
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