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Abstract

Pseudotachylites are generally considered to be produced by flash melting of the most fusible
minerals, with compositions often dominated by biotite mica. We present phase fraction
calculations for 237 pseudotachylite analyses from 28 localities spanning a range of host rock
compositions from granites to peridotites. Pseudotachylite matrix compositions cannot be
reproduced by a simple linear mixture of the minerals in their host rocks and commonly show
a potassium deficit in pseudotachylites which contain significant contributions from biotite or
muscovite. This is strongly indicative of peritectic melting of mica under fluid-absent
conditions. Occasionally, a negative contribution from an aluminosilicate phase is required
but with a positive contribution from potassium feldspar. This is most consistent with
peritectic melting of micas under fluid present conditions. The present data therefore suggest
that, while fluid absent flash melting might be the most common mode of formation of
pseudotachylite, in some instances pseudotachylites can be produced in the presence of a
free fluid. Potassium mass balance of pseudotachylites might therefore be a diagnostic
indicator of fluid-absent conditions in their source regions during seismogenic rupture. We
give some examples of observational evidence of peritectic liquidus phases in
pseudotachylites and suggest that the significance of these phases might have been

overlooked in previous studies.
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Pseudotachylite matrix compositions cannot be reproduced by simple linear mixtures of the
constituent minerals of their host rocks.

There is a potassium deficit for many pseudotachylites with a significant mica (biotite or
muscovite) contribution.

This is best explained by peritectic growth of potassium feldspar during (fluid absent)

dehydration melting of micas.

Introduction.

The origin of fault-hosted pseudotachylite has been the matter of some debate (Spray, 1995;
Curewitz and Karson, 1999) but the current consensus is that they are produced as frictional
melts during seismogenic rupture. The energy budgets of earthquake ruptures are such that,
without some mitigating factor, frictional temperatures would significantly exceed the
liquidus temperature of most rocks and some lubrication mechanism is required to stop
wholesale melting of the deforming volume along the fault plane. Thermal pressurisation of
a free fluid, where one exists, can reduce the effective normal stress (Sibson, 1975; Acosta et
al., 2018; Rempel and Rice, 2006), reducing frictional heating of the rupture plane to
temperatures well below the rock solidus temperature, but in fluid-absent conditions heating
will progress until sufficient melt is produced to act as a lubricant (e.g.; di Toro et al., 2004).
Frictional heating is rapid, resulting in flash melting of the more fusible minerals, normally
micas and amphiboles, once the temperature on the rupture plane exceeds their melting
temperatures (~650-850 °C for muscovite and biotite). This heating and melting process is
generally thought to be so rapid that melting occurs as a closed-system process with
isochemical melting of individual grains and subsequent partial reequilibration with
neighbouring mineral grains by diffusion (Maddock, 1983; Lin and Shimamoto, 1998; Spray,
1992; Jiang et al., 2015).

Chemical compositions of pseudotachylites are often strongly heterogeneous, consistent
with flash melting of individual grains, and also much more silica poor than their host rocks
suggesting that biotite mica, in particular, often contributes disproportionately to the melt.
Despite this, temperature estimates from natural pseudotachylites and experiments (see for
example Dobson et al., 2018) suggest that pseudotachylites can exceed mica flash melting

temperatures by several hundreds of degrees reaching 1450 °C, or more, according to some
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estimates (di Toro and Pennacchioni, 2004; Caggianelli et al., 2005; Dobson et al., 2018).
Pseudotachylite compositions often require a significant contribution from plagioclase
melting, consistent with peak temperatures significantly exceeding the biotite and muscovite
solidi and requiring diffusive reequilibration in the melt. Indeed, measurable diffusion has
been shown to occur during quenching after seismogenic slip has stopped and has been used
as a basis for thermal history estimates (Dobson et al., 2018).

Despite the importance of melt chemical composition in determining melting histories there
have been relatively few attempts to perform mass balance calculations on pseudotachylite
compositions (e.g.; Jiang et al., 2015; O'Callaghan and Osinski, 2020). Here we calculate mass
balance for a compilation of published pseudotachylite compositions and demonstrate fluid-
absent peritectic melting of biotite and muscovite which produces large volumes of
potassium feldspar and smaller amounts of other liquidus phases as a product of the melting
reaction. Closed-system melting of biotite can produce highly refractory peritectic minerals
such as aluminium silicate, olivine and enstatite which will dissolve into the melt during its
reequilibration with other minerals in the host rock. The occurrence of these refractory
minerals in biotite melting reactions cautions against their use as indicators of very high melt

temperature estimates in the absence of corroborating evidence.

Compilation of the literature.

Two hundred and thirty-seven pseudotachylite analyses from 36 studies and 28 localities
were compiled from the literature, covering a range of host rock compositions ranging from
highly siliceous (granite, tonalite) to highly undersaturated peridotitic compositions and
including pelitic as well as igneous protoliths (Table 1). The estimated ambient conditions at
the time of pseudotachylite formation ranged over 1.5 GPa > P > 10 MPa and 700 °C >T > 25
°C. Only analyses which excluded survivor clasts, described as ‘matrix’ or ‘glass’, or stated to
exclude clasts were included in the compilation. Most of the compiled analyses were
determined using a focussed electron microprobe beam, but some used defocussed
microprobe beam, rastered microprobe beam or laser-ablation ICPMS analyses with
analytical areas up to ~ 50 micrometre in size. The positions of these area analyses were such
that the analyses constituted a local average of both glassy matrix and quench crystals and,
hence, were believed to closely approximate the composition of the original melt. In addition,

some bulk pseudotachylite analyses determined by XRF, but with survivor clast contributions
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subtracted on the basis of clast volume estimates, have been included to give true average
pseudotachylite compositions. There are no systematic differences between the different

analysis types.

Linear Regression of Pseudotachylite Compositions.

Pseudotachylites form by frictional heating and melting of the minerals which comprise the
fault gouge and wall rocks during seismogenic shear of faults. This is a complex process
involving flash melting of some phases, dissolution of other phases into this initial melt, shear
mixing between different melt domains and subsequent modification by quench
crystallisation, devitrification and metasomatic processes. The ultimate composition of the
different components (glassy matrix, quench crystals and survivor clasts) of a pseudotachylite
matrix will therefore contain information about the seismogenic rupture process. Here we
treat the composition of pseudotachylite matrix material (specifically, material which does
not contain survivor clasts but which may or may not contain quench crystals, depending on
the analytical technique and nature of the quench material) as a mixture of the minerals
which melted to produce it and interpret the mixtures required to make up the
pseudotachylite matrix composition in terms of melting processes and conditions. Matrix
compositions, in weight percent and normalised to 100%, of pseudotachylites are calculated
as linear mixtures of host-rock minerals. The eight chemical components SiO;, TiO,, Al,Os,
FeO and Fe,0s (calculated as FeO), CaO, MgO, NaxO and K,O were included in the calculation.

The model concentration of the it" chemical component, C/™, was calculated as the sum of
concentrations over n minerals, Z}l:l ®; C , where ®; is the phase fraction and Cij is the
ij

concentration of component i in the jt" phase. Under the constraint that the phase fractions

must sum to 1, Z}l:l ®; =1, the sum over all components of squared differences between

the pseudotachylite concentration and the model concentration, SS™ = »%_, (¢P5T — Cim)z,
was minimised to produce the unweighted best fitting model phase fractions. The misfits
were not weighted to analytical uncertainties because the uncertainties were not reported in
many papers — using weighted fits where the analytical uncertainties are reported does not
make a significant difference to the best fitting models. For further details of petrological

mixing models see le Maitre 1982, chapter 6.
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The phases used in the model included quartz, plagioclase feldspar, potassium feldspar,
biotite, muscovite and ilmenite. In cases where olivine, pyroxenes, chrome spinel or
hornblende were listed as being present in the host rock these were included, but minerals
which were not listed were excluded from the refinement. Where mineral compositions were
given these were used for the phase fitting. Where mineral compositions were not given,
feldspars, micas, pyroxenes and hornblende were fitted as mixtures of end-member
compositions, NaAlSizOs, CaAl;Si;0s, KAISizOs, KMg3AlSi3O10(OH),, KFe3AlSizO10(OH),, FeSiOs,
CaSiOs3, MgSiOs, Caz(MgaAl)(Si7Al)022(0H)2 and Caz(MgsAl,)(SisAl2)022(0H)2 respectively. In
these cases, the end-member mixtures were constrained by fitting a mixture model to the
host rock bulk composition and the constrained end-member compositions were used for
calculating the pseudotachylite mixture models. This procedure ensured that the number of
independent variables, n-1, was equal to or less than the number of chemical components,
ensuring model fits were unique. One further set of constraints was applied in constructing
the mixture model such that the phase fractions for all components except for potassium
feldspar were constrained to be ¢; = 0. Initially this constraint was also applied to potassium
feldspar but it was found that many pseudotachylite concentrations could not be reasonably
fitted without a negative potassium feldspar concentration, implying that potassium feldspar
is created during pseudotachylite formation. On rare occasions an additional negative Al,SiOs
component was required to bring residual SS™ values to below 1 from values above 5 without
an Al;SiOs component, implying that aluminosilicate phases were also produced during
pseudotachylite formation. This Al;SiOs component was only added if no other combination
of phases could be found which fit the data. Final best fits for tonalite and granite-hosted
pseudotachylites had 1 > SS™ > 107%and R? > 0.9999 for over 95% of analyses; the rare
instances with SS™ values which could not be brought below 1 tended to be due to the model
sodium-calcium ratio differing from that of the pseudotachylite sample. This is likely due to
either fractional melting of feldspar, resulting in zoned plagioclase, crystallisation of feldspar
microlites with a different bulk composition from the host-rock plagioclase, or inclusion of
minor apatite in the bulk rock analysis which modified the apparent sodium-calcium ratio of
the plagioclase determined for the rock. None of these phenomena are rare in
pseudotachylites and their host rocks. Certain peridotite-hosted pseudotachylite
compositions could only be fitted with mixture models containing negative olivine, diopside

and chrome spinel suggesting that the pseudotachylite melt was not simply produced by
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melting of the matrix minerals or that these negative phase proportion minerals were
produced by the melting reaction.
Full tables of pseudotachylite compositions and their associated phase fraction model fits are

given in the supplementary supporting information.

Results

Pseudotachylite model compositions, along with host-rock compositional ranges, are plotted
as normalised abundances of plagioclase, mica and quartz or olivine on the triangular
diagrams in figure 1. Some pseudotachylite compositions fall in the compositional fields of
their host rocks but generally pseudotachylites which are found in granitic, tonalitic and
sedimentary hosts show depletion in a quartz component and enrichment in a biotite
component. Ultrabasic-hosted pseudotachylites show olivine-component depletion and
biotite-component enrichment on this plot. The two very olivine-rich compositions are for a
chrome-wehrlite host rock where the mineral assemblage used in the model did not capture
the host-rock mineralogy. The olivine-rich compositions required by the model in this case
are likely due to incorporation of a significant magnesium-chromite component into the melt
which was not included in the model, with the extra magnesium being attributed to olivine.
Pseudotachylites display strong enrichment of a mica component over their host rocks, with
the exceptions of mica-free host rocks which necessarily produce melts which plot on the
guartz-plagioclase or olivine-plagioclase join. This strong enrichment of mica components,
and depletion in quartz component in the melt, is consistent with their relative melting
temperatures as has been previously observed (Bosiére, 1991; Macaudiére et al., 1985) and
is reflected in the relative abundance of quartz and plagioclase survivor clasts in many
pseudotachylites. Some pseudotachylites hosted in granitic compositions show surprisingly
high plagioclase-component concentrations. As discussed below, pseudotachylite
compositions are consistently low in potassium and the high modelled plagioclase fraction
might be due to a residual sodic component from the remaining alkali feldspar.

Figure 2 shows modelled feldspar components plotted against biotite components. The
plagioclase-biotite plot reflects the trends discussed above, with enrichment towards biotite,
and to a lesser extent towards plagioclase, relative to host rocks. The potassium feldspar-
biotite plot is very different, however, with potassium feldspar ranging from 0.3 to -0.25, and

negatively correlated with biotite concentration. Unlike for plagioclase there is very little
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evidence of potassium feldspar-component enrichment in pseudotachylite compositions
implying that there is not a significant contribution to their parent melts from melting of
potassium feldspar. There is one electron microprobe spot analysis, of a sample from the
Adamello tonalite, which does not follow this relationship, with a potassium feldspar phase
fraction plotting off the figure, at 0.95. This sample contains significant plagioclase and K-
feldspar quench microlites which might have contaminated the spot analysis of the
pseudotachylite matrix.

The negative correlation between potassium feldspar and biotite components is most clearly
seen in the pseudotachylites hosted in basic and ultrabasic rocks where the potassium-
feldspar content of the host rocks is low (falling within the outlined blue bars in Figure 2)
meaning that the melting trajectory starts from near the origin of this plot. These basic and
ultrabasic-hosted pseudotachylites show two distinct trends. One group of samples extends
between 0 and 0.25 biotite fraction with close to zero potassium feldspar component. The
other group follows a trend which is well fitted by a linear relationship, %S = —0.68¢%7 +
0.022 with an R? value of 0.84. Pelitic and granitic-hosted pseudotachylites appear to scatter
about a steeper trend than the basic-ultrabasic trend, but this is due to a significant
contribution from a muscovite component which is also negatively correlated with potassium
feldspar component, as shown in Figure 3. The presence of muscovite component in the mass
balance also explains the four ultrabasic compositions which have zero biotite component
but negative potassium feldspar component. The fit to the ultrabasic data is not significantly
affected by inclusion of muscovite, with @¥5F = —0.64(p2T + M%) + 0.038 and an R?
value of 0.71. Fits for the other host rock compositions give similar dependencies but are

significantly worse due to the larger scatter of those data.

Discussion.

Causes of the negative correlation between mica and potassium feldspar.

The negative correlation between mica and potassium feldspar components in the mass
balance calculations is driven by a low potassium content in the pseudotachylites. Micas and
potassium feldspar are the only potassium-bearing phases in the host rocks presented here,
hence there is a simple trade-off between mica and potassium feldspar components in the
mass balance calculations. In cases where high mica content is required by the mass balance,

for example to account for high magnesium in granite/tonalite or high aluminium in pelites,
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but potassium is low, the mass balance then forces the potassium feldspar component to be
negative.

While the mixing model used here can only balance a potassium deficit by having a negative
potassium feldspar component, potassium depletion in pseudotachylite matrix material could
be caused by three distinct processes: (1) preferential crystallisation of potassium feldspar as
a quench product, (2) potassium loss during late-stage alteration, or (3) peritectic melting of
mica under fluid-absent conditions.

Figure 4 shows a ternary plot of K, Al and Fe+Mg for samples recovered from seven high-
speed friction experiments on granitic (Lin and Shimamoto, 1998; Montheil et al., 2020),
tonalitic (Montheil et al., 2020), andesitic (Lavallée et al., 2012) and gabbroic (Lin and
Shimamoto, 1998; Hirose and Shimamato, 2005) host rocks. Late-stage alteration can be
ruled out for these experimental pseudotachylites and the high quenching rates of
experimental pseudotachylites ensures that melts quench to pure glass. The vectors between
host rock and glass compositions in this ternary plot are therefore diagnostic of the melting
reactions for these samples. All samples show pseudotachylite compositions (open symbols)
which either plot close to the host rock composition (solid symbols) or on vectors which aim
towards the minerals that have preferentially contributed to the final melt composition.
Gabbroic and andesitic samples show melting vectors which point towards the Mg+Fe or Al
end members, indicative of melts dominated by either pyroxene or plagioclase respectively
(see Lavallée et al., 2012 for examples of this in SEM images).

The tonalite host rock falls on the tie line between its plagioclase and biotite compositions
consistent with its small modal proportion of potassium feldspar or muscovite.
Pseudotachylite glasses plot towards biotite, either with a vector following the tie line as it
should if it were a simple case of biotite enrichment, or with a vector which is slightly
potassium depleted from the tie line. This potassium depletion requires either addition of a
further Fe-Mg component, which does not exist in this rock, or crystallisation of a potassium-
rich phase.

The same effect is seen in the biotite-dominated glass in granitic samples but to a much
greater extent. All the granitic host rocks show some melting vectors which plot towards
significant biotite-component enrichment, with all five of these biotite-melting vectors being
sub parallel and plotting on the potassium-poor side of a direct vector between the host rock

composition and biotite. This means that the final melt composition is depleted in potassium
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relative to the best-fitting biotite content. The three most biotite-rich compositions in these
granitic hosted-pseudotachylites plot in the plagioclase-biotite-pyroxene field meaning that
it is impossible to produce the compositions by a simple linear mixture of the minerals in the
host rock. Rather, potassium must be removed from the melt and, in these synthetic
pseudotachylite samples the only mechanism available for this is crystallisation of peritectic
potassium feldspar. While it is possible to produce the other two pseudotachylite
compositions which plot towards biotite as a mixture of the host-rock minerals it seems more
likely that they too were produced by biotite melting and peritectic potassium feldspar
crystallisation since they fall on exactly the same vector as the more extremely biotite-
enriched samples. If we assume that the final pseudotachylite composition is produced by a
biotite peritectic reaction diluted with variable amounts of host rock composition we can
calculate a biotite-potassium feldspar mass balance for the peritectic reaction. For every unit
mass of biotite melted these vectors require that 0.61+0.15 units of potassium feldspar were
produced, in good agreement with the trend determined from figure 2. This conclusion is
further supported by thermodynamic calculations which produce peritectic feldspar for the

granite-hosted pseodutachylite system of Montheil et al. (2020) (Supplementary Figure 1).

Direct observational evidence of peritectic potassium feldspar

It is reasonable to ask whether there is any direct observational evidence of peritectic
potassium feldspar to back up the mass balance calculations. Synthetic samples are a useful
starting point for the reasons discussed above. Backscattered electron micrographs from the
granitic sample of Montheil et al (2020) show potassium feldspar overgrowths on feldspar
survivor clasts with a subhedral crystal shape of the overgrowth (Figure 5a). We conclude
that this overgrowth formed prior to quenching in this experiment from the following
evidence; 1) the lack of any other crystalline quench phases in the glass, 2) the subhedral
crystal shape which is very unlike the microlitic, spheroidal or skeletal crystal shapes typical
of pseudotachylite quench material (e.g.; di Toro et al., 2004) and 3) the accumulation of small
guartz survivor clasts at its margin, which implies that the overgrowth existed while the
frictional melt was still shearing. Similar subhedral potassium feldspar morphologies have

been seen in natural samples (Petrik et al., 2003) and as overgrowths on quartz survivor clasts.
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The chemical transect in Figure 5b shows an example of a potassium feldspar overgrowing
quartz in a tonalite-hosted pseudotachylite from the study of Dobson et al. (2018). The very
low calcium concentration of the overgrowth is very different from the plagioclase-
dominated quench microlites in this pseudotachylite, which suggests this is not a quench
overgrowth and might be an example of peritectic liquidus potassium feldspar. In both of
these cases the original studies were not looking for evidence of potassium feldspar growth
and these features were overlooked at the time. We suggest therefore that evidence of
peritectic liquidus phases, and in particular potassium feldspar, might have also been

overlooked in other studies.

Peritectic melting reactions in biotite and muscovite.

Peritectic melting of biotite and muscovite to produce liquid plus potassium feldspar is well
documented from fluid-undersaturated experiments (Yoder and Kushoiro, 1969; Huang and
Wyllie, 1973; Brearley, 1987a; Le Breton and Thompson 1988; Pickering and Johnston, 1988)
and inferred for the source of many natural migmatites under conditions of fluid-absent
melting (Thompson, 1982; Clemens and Vielzeuf, 1987). In the case of melting in the presence
of a free fluid the peritectic does not produce potassium feldspar as a liquidus product
(Weinberg and Hasalova, 2015). The fluid-absent peritectic reaction produces further
liquidus products in addition to potassium feldspar, often including a highly aluminous phase.
The composition of the other phases and the mass proportions of the melting reaction
depend on several factors including mica composition, pressure and temperature. Under
conditions of equilibrium melting in natural metamorphic systems dehydration melting of
mica also consumes other solid phases, in reactions such as:

6.7 Msc+1.4Bt+ 1.4 Pl +0.9 Qtz > 1.0 Lig + 5.4 KSp + 1.6 Al>SiOs + 2.4Gt (1),
for a granitic protolith at ~800 °C and 10 kbar (Pickering and Johnston, 1988). The amount of
melt produced is small and the reaction products are dominated by the peritectic liquidus
phases. The molar ratio of potassium feldspar to mica of 2/3 is slightly lower than the
regression shown in Figure 1 which implies a molar ratio around 0.76. The reaction (1) was
determined at somewhat higher pressure than the inferred conditions of formation of many
pseudotachylites, and is also a eutectic rather than single-phase melting reaction, which

might explain the difference in mass balance. At lower pressures, similar potassium-feldspar
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producing reactions have been reported (Weinberg and Hasalova, 2015 and references
therein) with an additional aluminous peritectic liquidus phase, aluminium silicate, cordierite
or garnet depending on the pressure. The melting process which produces pseudotachylites
differs from these metamorphic dehydration melting reactions in one important respect,
namely that it is thought to be largely closed-system, single-phase, dehydration melting due
to flash heating on the rupture surface (see, for example, the discussion in Bosiére, 1991).
The relatively few studies of closed-system dehydration melting of micas show that around
800 °C and 1 kbar biotite breaks down to a melt-bearing assemblage following the reaction
(Brearley, 1987 a; b):

Bt = Lig + Fe-Al spinel + KSp +/- Al-En (2),

with similar reactions for phlogopite around 1.7 kbar and 1200 °C (Yoder and Kushoiro, 1969):
Phl = Lig+ Fo + KSp + En (3),

and muscovite at 9 kbar and 800 °C (Huang and Wyllie, 1973):

Msc = Liq + KSp + Al,03 (4).

The volume of melt produced by dehydration melting of muscovite was found to be small,
consistent with fact that muscovite falls close to the potassium-feldspar — corundum tie line
in K-A-S-H compositional space. Potassium feldspar is not a peritectic product of melting of
either biotite or muscovite under fluid saturated conditions (Huang and Wyllie, 1973;
Weinberg and Hasalova, 2015), implying that, at least for cases which require negative
potassium feldspar in the mass balance, pseudotachylites were produced by frictional heating

of dry protolith rocks.

Other peritectic liquidus phases.

While the experimental and field studies discussed above support the current observation of
potassium feldspar as a peritectic liquidus product of mica melting during seismogenic
rupture, they also imply that other peritectic liquidus phases should be present in the
pseudotachylites. Pseudotachylite compositions are generally well fitted (1 > SS™ >
10~% and R? > 0.9999) by models with either no negative phase fractions or just negative
potassium feldspar. Inclusion of further phases as implied by liquidus reactions (1)-(4) can

introduce redundancy to the fit causing non-unique model solutions. With the eight modelled
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chemical components further peritectic liquidus products are ordinarily unresolvable, with

reactions such as:

3Crd + 2KSp +2H,0 = 2Bt + 6Al,Si0s + 9Qtz (5);
Gt + KSp +H,0 = Bt + Al»SiOs + 2Qtz (6);
3En + KSp +H,0 = Bt +3Qtz (7)
and;

2En = Ol +Qtz (8)

providing redundancy for all the peritectic phases, except potassium feldspar and Al;SiOs, for
cases where there is quartz in the protolith. In seven of our mass balance calculations, five of
which also required a negative potassium feldspar component, it was necessary to include a
negative contribution from Al,SiOs to create compositions with high Ca and Na but low Al
contents. These examples where peritectic liquidus aluminosilicate is required by the mass
balance tended to be in the most extremely mica-rich compositions of pseudotachylite such
as those of Petrik et al., 2003. In the case of ultrabasic protoliths, garnet and cordierite fall in
the compositional null space but olivine or enstatite are required in the mass balance so their
formation as peritectic products might be apparent, as is the case for some ultrabasic-hosted

pseudotachylite mass balance calculations.

While not common, there is some direct observational evidence of peritectic liquidus phases
in addition to potassium feldspar. The study of Clarke (1990) describes textures around relict
biotites in charnokite-hosted pseudotachylites. Partially melted biotite in these samples are
surrounded by coronae of sillimanite and, surrounding that, ‘turbid grains’ before glassy
matrix material is reached. Clarke interprets the sillimanite zone as a peritectic melting
product but avoids commenting on the origin of the turbid grains. Mass-balance calculations
for the turbid-grains are dominated by contributions from potassium feldspar (~55%),
orthopyroxene (~¥10%) and ilmenite (~12%) with only minor quartz (1%). Along with the
sillimanite, these are likely peritectic products from reactions similar to (2) and (3) for the

titanium-bearing biotite present in the charnokite host and are unlike the glassy matrix which
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contains significant quartz (~18%) and plagioclase (25%). This study is quite informative since
it shows that peritectic phases might not appear as large euhedral crystals and could easily
be mistaken for heterogeneities in the quenched melt. It is only the careful petrography of
the study, combined with the preservation of melting textures around partially-melted biotite
grains which allowed the identification of peritectic phases in this case. It might therefore be
that the small bright oxide particles commonly observed in biotite-dominated
pseudotachylite melts represent the hercynite and magnetite peritectic liquidus products of
isochemical biotite melting. Petrik et al., 2003, for example, present an image of potassium

feldspar and hematite ‘as products of biotite melting’ without further comment.

Other refractory minerals such as mullite (Moecher and Brearley, 2004; Kirkpatrick and Rowe,
2013; Allen et al., 2002), pyroxenes and olivine (Andersen and Austrheim, 2006) have been
observed and interpreted as quench crystallites, being used as evidence for very high
temperatures of pseudotachylite formation (see Rowe and Griffith, 2015; Nestola et al., 2010
for further examples). However, these are also produced by some of the mica peritectic
melting reactions discussed above. In the case of the ultrabasic-hosted peridotites of Corsica
(Andersen and Austrheim, 2006) negative olivine, Cr-spinel and diopside are required in the
mass balance and these three phases show textures (large grain sizes, equant crystal shapes,
being included in quench enstatite) which suggest that they crystallised from the melt at an
early stage. As discussed above, it is reasonable to expect the mass balance in these bulk
compositions to show a stronger signal for the olivine and pyroxene peritectic phases than in

silica-normative compositions.

Itis also likely, however, that some volumetrically minor liquidus phases are consumed during
subsequent reequilibration of the initial flash-melt with the other host-rock minerals as
seismogenic slip progresses. This will be particularly true of olivine and pyroxenes in the
granitic and tonalitic host rocks which make the bulk of the dataset, since they are not stable

in the bulk composition.

Implications for pseudotachylite formation.
Of the 237 pseudotachylite analyses used in the present study 214 have significant (>1%) mica
contents, 100 of which also require significant negative potassium feldspar in the mass

balance. Given that many host rocks will have contained some potassium feldspar to begin
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with, in which case there should be some positive contribution from potassium feldspar
melting, this suggests that fluid-absent peritectic mica melting is a very common process in
pseudotachylite formation. Indeed, this is the most likely explanation for the apparent lack
of potassium feldspar melting in the mass balance of many granite-hosted pseudotachylites
despite it having a similar (or lower) melting temperature to plagioclase which is often a major
component of many pseudotachylite compositions. The present data, however, also suggest
that some pseudotachylites might have formed under fluid-present conditions. The minor
trend of some basic-hosted pseudotachylite samples to have substantial biotite but zero
potassium feldspar components in their mass balance (figure 2) is consistent with these
samples melting in the presence of a free fluid. Similarly, over half of the tonalite-hosted
pseudotachylites require a positive potassium feldspar content in their mass balance
calculations. In these cases, there is only a small potassium feldspar content in the host rock,
so a positive value in the mass balance calculations suggests that significant amounts of
peritectic potassium feldspar have not been produced. There are also two instances of
pseudotachylite compositions which require negative aluminosilicate but positive potassium
feldspar components. This is indicative of melting under fluid-present conditions which
produces aluminoslilcate, but not potassium feldspar, as a peritectic liquidus phase. Brantut
and Mitchell (2008) have shown that, if the host rock is sufficiently well drained, thermal
pressurization of pore fluid can be suppressed leading to flash melting on the rupture plane
even for host rocks with a free fluid. The present results are consistent with this but they

suggest that fluid-free conditions might be at least as common.

Peritectic mica melting has some implications for the petrology and dynamics of formation of
pseudotachylites. First, isochemical melting of muscovite, biotite and phlogopite produces
highly refractory minerals (olivine, pyroxenes, aluminoslilcates and spinels) as peritectic
liqguidus phases at low temperatures (~800 °C for muscovite and biotite) and hence caution
should be exercised in using the presence of these minerals as indicators of high melt
temperatures without other corroborating evidence. Second, the mass balance of mica
dehydration melting suggests that melt volumes are small. In the case of the eutectic reaction
(1) the volume of melt produced is approximately 10% of the minerals consumed in the
reaction, with the mass balance forming new liquidus minerals. This is likely to be an

overestimate of the melt proportion produced during closed-system dehydration melting of
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micas since in this case there will be no contribution to the melt from any other phases. The
relatively small volumes of melt produced during flash melting of micas is unlikely to be
sufficient to lubricate the sliding rupture surface. This means that shear heating will continue
until either more refractory minerals reach their flash melting temperatures, or there is
sufficient dissolution of the other minerals in the fault gouge into the low-volume mica melts
and the system approaches a more equilibrium melt composition. This diffusive
reequilibration will be enhanced by shear mixing of the melt and clasts. Finally, the processes
of peritectic melting is a potential mechanism for redistributing the heat of fusion with
components crystallising as overgrowths and locally releasing latent heat even as the bulk of

the system is melting.

While some previous studies have observed peritectic liquidus phases resulting from biotite
melting during seismogenic rupture, this is the first study to use mass-balance calculations to
demonstrate just how common it is. We also note the importance of potassium mass balance

as an indicator of fluid-absent conditions in the pseudotachylite source region.
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Figure Captions

Figure 1. Triangular plots of normalized quartz-mica-plagioclase and olivine-mica-plagioclase
content of pseudotachylites. Host rock compositional ranges are indicated. Abbreviations GR,
TO, SED and B-UB denote granitic, tonalitic, sedimentary and basic-ultrabasic protoliths

respectively. Grey fields mark the range of host rocks..

Figure 2. Model phase fractions of biotite versus (a) plagioclase feldspar and (b) potassium
feldspar. The depletion in quartz and enrichment in biotite in pseudotachylites compared to
their host rocks is clear. Potassium-feldspar shows a negative correlation with biotite content,
extending in negative phase fractions. The solid line is the best first-order polynomial fit to

the basic-ultrabasic suite..

Figure 3. Triangular diagram of normalised phase fractions of biotite, muscovite and
potassium-feldspar. Negative model phase fractions of potassium-feldspar are projected
from the biotite —-muscovite tie line using the potassium feldspar apex as the projection focal

point.

Figure 4. Triangular diagram of Mg+Fe-Al-K, in weight percent, for synthetic pseudotachylites
and their host rocks for granitic, tonalitic and gabbroic samples. Open symbols are for
pseudotachylite glass compositions and solid symbols are for host rock compositions. Arrows
show vectors from rock compositions to the pseudotachylite compositions which they host.
Granite-hosted pseudotachylites which plot a long way from their host-rock compositions
plot on vectors which can only be produced by biotite melting with peritectic potassium-

feldspar. Mineral compositions are marked in black.

Figure 5. Two examples of potassium feldspar growing from pseudotachylite melt. (A) A
subhedral crystal of potassium feldspar showing overgrowth texture and small quartz clasts
accumulating at its edges, from the granite-hosted sample studied by Montheil et al., 2020.
(B) Chemical transect from a quartz survivor clast into the quenched melt showing a
potassium feldspar rim. The horizontal dashed lines show the Si, Al and K composition of end-

member potassium feldspar. From the tonalite-hosted sample studied by Dobson et al., 2018.
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