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Shale and greywacke compositions from the Archean to Phanerozoic record a secular change in the
siliciclastic material that comprises much of Earth’s continental margins, past and present. This study
explores the metamorphic consequence of these compositional changes, by comparing phase equilib-
rium models constructed for average Archean, Proterozoic, and Phanerozoic shale and greywacke
compositions equilibrated along two Barrovian-type geotherms: 1330 �C/GPa (A) and 800 �C/GPa (B). Our
models show that Archean siliciclastic rocks can retain up to 4 vol.% water at middle to lower crustal
conditions, nearly twice that of Proterozoic and Phanerozoic compositions. The increased ferromagne-
sium content of Archean siliciclastic rocks stabilizes chlorite to higher temperatures and results in a
biotite-rich assemblage at solidus temperatures. Accordingly, water-absent biotite dehydration melting is
predicted to play a greater role in the generation of melt in the metamorphism of Archean aged units,
and water-absent muscovite dehydration melting is of increasing importance through the Proterozoic
and Phanerozoic. This secular variation in predicted mineral assemblages demonstrates the care with
which metamorphic facies diagrams should be applied to Archean compositions. Moreover, secular
changes in the composition of shale and greywacke is reflected in the evolution of anatectic melt towards
an increasingly less viscous, Ca-rich, and Mg-poor monzogranite.

� 2018, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction et al., 2016; Palin and White, 2016); continental growth and in-
Evolution of the continental lithosphere composition is echoed
in secular compositional changes of supracrustal rocks, which are
an archive that can be used to understand and quantify geological
processes through Earth’s history (e.g. Engel et al., 1974; McLennan,
1982, 2001; McLennan and Taylor, 1991; Condie, 1993; Rudnick,
1995; Veizer and Mackenzie, 2003). The 3.0e2.5 Ga transition be-
tween the Neoarchean and Proterozoic marks an important period
during which sediments underwent significant compositional
changes. Archean sediments are generally more ferromagnesium-
rich (i.e. total Mg þ Fe) compared with Proterozoic and Phanero-
zoic sediments (Condie, 1993). These changes are generally inter-
preted to be the consequences of the progressive onset of modern-
like plate tectonics (e.g. Dhuime et al., 2012; Dyck et al., 2015; Nicoli
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crease in the amount of subaerial land mass (Flament et al., 2013;
Dhuime et al., 2017); and changes in atmospheric conditions (i.e.
chemical weathering, surface oxidation) (Condie, 1993; Johnsson,
1993; Barley et al., 2005; Campbell and Allen, 2008). The pres-
ence of shale (or pelite) and greywacke in the sedimentary record
can be tracked back to ca. 3.5 Ga (Veizer and Mackenzie, 2003).
When metamorphosed, these two lithologies commonly comprise
mineral assemblages dominated by water-rich minerals such as
biotite, muscovite, staurolite and amphibole. Accordingly, they
represent important crustal water reservoirs which, when buried
within collisional orogenic settings, may exert an important control
onmelt fertility, andmass transfer (e.g. Clemens and Vielzeuf,1987;
Le Breton and Thompson, 1988; Douce and Johnston, 1991; Stevens
et al., 1997; Sawyer et al., 2011; Nicoli et al., 2017). Variation in the
amount of mineral-bound water may have profound impact on the
rheology of the crust (e.g. Kolb, 2008), metamorphic fluid produc-
tion (Walther and Orville, 1982; Ague, 2011), as well as the thermal
state of the crust (e.g. Stüwe, 1995; Depine et al., 2008).

In this study, we focus on the equilibrium assemblages of buried
and metamorphosed shale and greywacke in an orogenic setting.
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Table 1
Average shale and greywacke composition (in wt.%) from the Archean, Phanerozoic,
and Proterozoic after Condie (1993).

Lithology Shale Greywacke

Age Archean Prot. Phan. Archean Prot. Phan.

SiO2 60.9 63.1 63.6 66.1 65.4 66.3
TiO2 0.6 0.6 0.8 0.6 0.7 0.7
Al2O3 17.5 17.5 17.8 15.3 15.5 15.5
FeOT 7.5 5.7 5.9 5.5 6.1 6.2
MgO 3.9 2.2 2.3 3.5 2.2 2
CaO 0.6 0.7 1.3 2.5 2.5 3.2
Na2O 0.7 1.1 1.1 2.9 3 3.1
K2O 3.1 3.6 3.8 2 2.4 2.3
P2O5 0.1 0.12 0.14 0.12 0.15 0.14
Mg# 0.34 0.28 0.28 0.39 0.27 0.24
A/CNK 2.4 1.9 1.8 1.4 1.3 1.2

Mg# ¼ Mg/(Mg þ FeO); A/CNK ¼ Al/(Ca þ Na þ K).
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Although this study is based on the secular change in shale and
greywacke compositions, the timing of metamorphism of these
sedimentary rocks is not strictly relevant and we recognize that
Archean compositions may have been metamorphosed and/or
reworked through Proterozoic and Phanerozoic orogenesis. How-
ever, average Archean compositions were determined using rocks
from terrains with little to none Phanerozoic and Proterozoic
overprint (Condie, 1993). We investigated the influence of rock
composition on water retention in hydrous minerals below solidus
temperatures and the chemistry and degree of melt generated at
suprasolidus temperatures in water-absent conditions.

2. Starting material

To investigate secular changes in sediment fertility, partial
melting and the nature of the generated magma, we used averaged
shale and greywacke compositions from the Archean, Proterozoic
and Phanerozoic eons (Table 1; Condie, 1993). The shale composi-
tions represent a global average of shales sampled from cratonic
and passive margin successions. The greywacke compositions were
assembled from turbidite units within Precambrian greenstone belt
and modern volcanic arcs. Archean shales are characterized by a
low K content (3.1 wt.%) and a high Mg# (Mg# ¼ Mg/[Mg þ FeOt])
and A/CNK values (A/CNK ¼ Al/(Ca þ Na þ K)) of 0.34 and 2.4,
respectively (Condie, 1993). Proterozoic and Phanerozoic shales
contain higher concentrations of K, 3.6e3.8 wt.%, and lower Mg#
and A/CNK values of 0.28 and 1.8e1.9, respectively. Apart from a
decrease in Mg# from 0.39 to 0.24, the major element composition
of greywacke does not vary significantly through time (McLennan,
1982; Condie, 1993). The most significant secular change in grey-
wacke compositions are found in their trace elements compositions
(McLennan and Taylor, 1991), and as such are not likely to exert
much control on the primary mineral assemblage.

3. Model setup

Phase equilibria of greywacke and shale from the Archean,
Proterozoic and Phanerozoic were modelled using version 6.7.5 of
the Perple_X software package (Connolly, 2009) in the system
MnOeNa2OeCaOeK2OeFeOeMgOeAl2O3eSiO2eH2OeTiO2eO2

(MnNCKFMASHTO). For all calculations, we used the 2004 update
of the Holland and Powell (1998) thermodynamic database (http://
www.perplex.ethz.ch/). This approach assumes equilibrium is
maintained between phases across the chosen range of pressures
and temperatures (Connolly and Kerrick, 1987; Connolly, 1990).
Solutionmodels used are as follows: silicatemelt model after Green
et al. (2016); feldspar (Fuhrman and Lindsley, 1988); chlorite
(Holland et al., 1998); amphibole model after Diener and Powell
(2012); white mica (Coggon and Holland, 2002; Auzanneau et al.,
2010); ilmenite (White et al., 2000); hydrous cordierite (Holland
and Powell, 1998); orthopyroxene (White et al., 2001); biotite
(White et al., 2007); and garnet (White et al., 2014). Mineral ab-
breviations follow Kretz (1983). To investigate the maximum
amount of water that shale and greywacke compositions retain
under subsolidus pressure and temperature conditions, fluid was
considered in excess and treated as a pure H2O. Adding CO2 would
lower aH2O and reduce the stability of hydrous phases, resulting in a
reduction of muscovite, biotite, and chlorite at higher tempera-
tures. As such, maximum water retention values were obtained by
summing the water content in the different hydrous phases. For
modelling of suprasolidus conditions, bulk-rock fluid contents were
individually fixed to be minimally saturated (<0.5 mol.% of free
H2O) at the point at which the relevant geotherm intersects the
solidus. As the focus of this paper is on the metamorphism of sili-
ciclastic metasedimentary compositions in a continental collisional
setting, we investigated the modal proportion of hydrous minerals
along two Barrovian-type geotherms from 400 to 1000 �C. The two
geotherms correspond to the upper and lower bounds of orogenic
thermal gradients compiled by Brown (2006) in a global review of
peak metamorphic conditions from Archean to Phanerozoic ter-
rains. The lower pressure geotherm (A) was set at 1330 �C/GPa
intersecting the solidus at w675 �C and 0.5 GPa. The higher pres-
sure geotherm (B) was set at 800 �C/GPa, which intersects the
solidus at w675 �C and 0.8 GPa. Along both geotherms, we inves-
tigate how secular compositional variations effect the chemistry
and modal proportion of silicate melt.

4. Results

4.1. Subsolidus mineral-bound water

The retention of water in metasedimentary rocks that have
undergone compaction, diagenesis and low-grade metamorphism
is primarily a function of the stability of hydrous minerals (Walther
and Orville, 1982). At lower greenschist facies metamorphic con-
ditions (400 �C) shales and greywackes can respectively retain up to
4.5 wt.% and 3 wt.% mineral-bound water, respectively (Fig. 1). As
temperature increases these minerals devolatilize. The tempera-
ture and pressure at which devolitization occurs is strongly influ-
enced by the equilibria conditions of the following three
continuous reactions (Ramsay, 1973; Ahn and Nakamura, 2000):

Chl þ Ms1 þ Ilm ¼ Bt þ Ms2 þ H2O � Qtz (1)

Ms þ Qtz þ Chl ¼ Al2SiO5 þ Bt þ H2O (2)

Ms þ Qtz ¼ Al2SiO5 þ Kfs þ H2O (3)

Accordingly, the temperature at which geotherms A and B
intersect the assemblage field boundaries is markedly different for
the different shale and greywacke compositions (Fig. 1). The higher
FeþMg content of Archean shale and greywacke results in a greater
volume of chlorite, and corresponding mineral-bound water, up
until chlorite breakdown at 550e600 �C (Fig. 1) (for phase propor-
tion along the two geotherms, see Supplementary Fig. S1). Along the
higher pressure geotherm (B), Archean shale retains up to w4 wt.%
water to lower-crustal pressures of 0.75 GPa, twice that of Phaner-
ozoic shale under the same conditions. In Archean shale, the
maximum bulk-water content along the higher pressure geotherm
(B) drops from 3.8 wt.% to 1.5 wt.% over a temperature window of
590e600 �C. By contrast, Proterozoic and Phanerozoic shale com-
positions undergo two major devolatilization events along

http://www.perplex.ethz.ch/
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Figure 1. Heatmaps showing maximum mineral-bound H2O content (wt.%) for Phanerozoic, Proterozoic, and Archean shale and greywacke.
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geotherm (B) atw475 �C with the initial breakdown of chlorite, and
over a temperature range of 600e625 �C when chlorite is fully
consumed. The amount of water removed from the stable mineral
assemblage over the two stages of devolatilization in the Proterozoic
and Phanerozoic shales isw1 wt.% andw0.5 wt.%, respectively. The
secular change in mineral-bound water of greywacke is less pro-
nounced, although a similar trend of increased water content in the
older compositions is observed. As with the shale compositions, the
stability of chlorite at higher temperatures in Archean greywacke
may enable greater amount of mineral-bound water to be held in
metamorphosed sedimentary margins.

4.2. Mineral-bound water content at Tsolidus

The amount of mineral-bound water stable immediately below
the water-saturated solidus temperature (Tsolidus) is an important
Table 2
Maximum H2O content (in wt.%) for water-saturated solidus along two geotherms A (13

Sediment Shale

Eon Archean Proterozoic Phanerozo

H2OA 1.1 0.8 0.8
H2OB 1.4 1.7 1.8
Tsolidus
A 729 715 715

Tsolidus
B 680 680 680

Tsolidus in degrees centigrade.
measure of the ability of metasedimentary rocks to retain water to
lower crustal conditions. The variation observed in the modelled
compositions mirrors changes in the modal amount of chlorite,
muscovite, and biotite, and is dependent on both pressure and bulk
composition (Fig. 1). At the lower pressure Tsolidus of geotherm (A),
mineral-bound water in Archean to Phanerozoic shale varies from
1.1 wt.% to 0.8 wt. % (Table 2). This trend is reversed along the
higher pressure geotherm (B), where mineral-bound water at
Tsolidus in Archean to Phanerozoic shale varies from 1.4 wt.% to
1.8 wt.% (Table 2). The total amount of water lost in Archean shale
by the time it reaches Tsolidus isw3 vol.% of the total rock volume for
both geotherms, whereas Proterozoic shales (1.7e2.5 vol.%) and
Phanerozoic shales (1.4e1.7 vol.%) are less affected by this phe-
nomenon (Fig. 2). In contrast to the trend observed in the shales,
the maximum amount of mineral-bound water in the greywacke
compositions at Tsolidus shows little variation.
30 �C/GPa) and B (800 �C/GPa).

Greywacke

ic Archean Proterozoic Phanerozoic

0.7 0.8 0.7
0.7 0.6 0.5
765 719 722
736 719 712
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4.3. Shale and greywacke melt-fertility

In the absence of a metamorphic fluid with high aH2O in quartz-
bearing rocks, melt-fertility (i.e. the amount of melt that can be
generated in a rock at given metamorphic conditions) is primarily
controlled by the modal proportion of hydrous minerals stable
when the rock reaches the equilibria conditions of water-absent
melting (Thompson and Algor, 1977; Brown, 2007). Since the po-
sition of the individual water-absent melting curves varies with
bulk composition (Table 2; Douce, 1996), we first present the pro-
portions of the hydrous phases that are stable where geotherm A
and B intersect the water-saturated solidus (Tsolidus), then discuss
the absolute vol.% of melt generated in each composition. Along the
lower pressure geotherm(A), muscovite is absent in all shale and
greywacke compositions and biotite is predicted to be the key hy-
drous phase (Fig. 3). Under water-saturated conditions,up to 30
vol.% cordierite is stable where geotherm A intersects Tsolidus of the
Archean shale composition. At the increased pressure where geo-
therm B intersects Tsolidus there is not able variation in the volume
ratio of biotite/muscovite, from a ratio of 4.4 in the Archean shale
composition to ratios of 0.5 and 0.4 in the Proterozoic and Phan-
erozoic respectively (Fig. 3). Accordingly, water-absent biotite
melting is predicted to play a far greater role in the generation of
melt in Archean-aged shale, and water-absent muscovite melting is
of greater importance in Proterozoic- and Phanerozoic-aged shale.
In greywacke, the total volume of hydrous minerals is lower than in
shale, and both muscovite and cordierite play only a minor role in
the generation of melt. Consequently, regardless of the age of the
sediment, the partial melting of metamorphosed greywacke is
mainly controlled by water-absent biotite melting.

A consequence of the increased stability of muscovite at depth is
that up to 25 vol.% melt may be generated by water-absent
muscovite dehydration melting in shale along the higher pressure
geotherm (B). However, there is a notable difference in the volume
of melt generated by muscovite dehydration among the different
shale compositions (Fig. 4). Archean shale is predicted to produce
<10 vol.% melt by muscovite dehydration melting. Whereas, Pro-
terozoic and Phanerozoic shale is predicted to generate w20 vol.%
and w25 vol.% melt, respectively. The secular disparity in the melt
fertility of shale extends to temperatures in excess of 1000 �C,
where the total volume of melt generated by Phanerozoic shale is
approximately 40% greater than that generated in Archean shale.
One important consequence of the increased stability of muscovite
at depth is that the predicted volume of melt generated along the
higher pressure geotherm (B) at temperatures below 800 �C, typical
of most orogenic settings, is greater than the amount of melt
generated along the lower pressure geotherm (A). Under the same
conditions, greywacke exhibits the opposite trend with more vol-
uminous melting occurring for geotherm (A) (Fig. 4).

4.4. Melt chemistry and viscosity

While temperature will have a first-order control on the ferro-
magnesian content of metasedimentary derived partial melts
(Brown and Fyfe,1970), the amount of Ca in themelt predominately
varies with changes in the composition of the melt source (Fig. 5).
The effect of a secular change in shale compositions on the Ca
content of melt is greatest for geotherm B (Fig. 4). The calculations
presented here suggest that the partial melting of shale and grey-
wacke will produce melt with a narrow range of SiO2 content (A:
68e70 wt.%; B: 63e67 wt.%; Supplementary Table S1). For both
geotherms, the lack of significant secular variation in the Ca content
in the greywackes results in similar melt compositions among
Archean, Proterozoic and Phanerozoic greywackes (Fig. 5).

Within the set of calculation done for each geotherm, the bulk
water content of melts derived from the different shale composi-
tions does not show significant variation.

There is, however, notable variation in the bulk water content of
the melt generated by shale between the two geotherms. Initial
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melting at Tsolidus of geotherm A results in a melt that contains
w7e8 wt.% H2O. As temperatures increase to 1000 �C, the melt
water content drops to w1e2 wt.% H2O (Supplementary Table S1).
By contrast, the water content of melt generated at Tsolidus of geo-
therm B is w12e13 wt.% H2O, dropping tow3 wt.% H2O at 1000 �C
(Supplementary Table S1).

Melt viscosity (h) is influenced by temperature and the melt
water content (Clemens and Petford, 1999). Accordingly, melt vis-
cosity varies most significantly between geotherm A and B rather
than amongst the different shale compositions. Between Tsolidus and
1000 �C of geotherm A, melt viscosity increases from 104 Pa s to
107 Pa s. Whereas, a lower range in melt viscosities from 101 Pa s to
106 Pa s is predicted between Tsolidus and 1000 �C of geotherm B.

The calculations of melt water content and viscosity in the
greywacke scenarios show a similar trend as described for shale.
The predicted melt water content between Tsolidus and 1000 �C
along geotherm A (w8e1wt.% H2O) is lower than along geotherm B
(w10e3 wt.% H2O). As a result, the viscosity of melt generated
along the lower-pressure geotherm A is slightly lower than along
geotherm B, 104e107 Pa s and 102e106 Pa s respectively.

5. Discussion

5.1. The retention of water in siliciclastic continental margins

Biotite, muscovite, and chlorite contain themajority of thewater
that is held in metamorphosed siliciclastic rocks, with an average of
3.8 wt.%, 4.5 wt.%, and 11 wt.% of water respectively. Consequently,
chlorite has the greatest potential to transport water to the middle
and lower crust. The increased stability of chlorite in the more
ferromagnesic Archean shale and greywacke compositions sug-
gests that Archean orogenic belts retain a greater proportion of
water than Proterozoic and Phanerozoic equivalents. The nearly
two-fold increase in the amount of water held in Archean shale
compared to Phanerozoic shale at middleelower crustal conditions
suggests that the role of siliciclastic sediments in the sequestration
and retention of mineral-bound crustal water has decreased
significantly through Earth’s history. While the end of the Archean
is characterized by the progressive emergence of modern subduc-
tion processes (Fischer and Gerya, 2016) and continental freeboard
studies (i.e. average sea level surface relative to the continents)
indicate that global sea level has fluctuated by <500 m over the
past ca. 3 Ga (Galer, 1991; Eriksson, 1999), the secular change in the
hydration state of continental margins is likely of second order
importance to the global water cycle (Poli and Schmidt, 1995; Parai
and Mukhopadhyay, 2012). However, there are still several impor-
tant implications to this finding. Themorewater-rich Archean shale
would be an important source of metamorphic fluid in the middle
and lower crust. Since metamorphic water is the limiting reactant
in most retrograde reactions (e.g. Haack and Zimmermann, 1996)
and a powerful catalyst for both chemical and microstructural
change (Ague, 1991), the structurally higher levels of Archean sili-
ciclastic continental margins are expected to display greenschists
facies mineral assemblages. Similarly, by virtue of the increased
amount of water released at depth by the breakdown of chlorite,
our results suggest that there may have been a greater capacity for
metamorphic fluids to redistribute soluble components across
crustal levels in the Archean.

5.2. Changes in water flux and mineralization

The release of water by the breakdown of hydrous minerals
during prograde heating and decompression raises the issue of
fluid circulation in the middle and lower crust and how it might
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affect the surrounding lithologies. The results presented here
indicate that by the time water-absent partial melting occurs, the
shale and greywacke compositions have lost a minimum of 60% of
their initial mineral-boundwater. As summarised in Fig. 2, a greater
total volume of water is released during heating along the lower
pressure geotherm (A). One limitation of the models presented
here is that dehydration was only considered along a linear PeT
path and so the role of exhumation in the production of meta-
morphic water was not considered. As demonstrated by Vry et al.
(2010), the exhumation of hydrous minerals from mid-crustal
conditions plays and important role in further dehydrating silici-
clastic rocks. However, exhumation of the more hydrous Archean
siliciclastic material at temperatures below the solidus would result
in a further release of mineral-bound water, exaggerating the effect
of secular compositional changes. The effects of decompression
notwithstanding, there is a notable secular change in the degree
and conditions under which siliciclastic rocks dehydrate. Archean
shale is predicted to experience a significant dehydration over a
narrow temperature window of w550e580 �C corresponding to
the breakdown of chlorite.
The breakdown of mica at depth is expected to contribute to an
increase in fluid pressure and the extraction of water to higher
structural levels in the crust (Walther and Orville, 1982; Yardley,
1983; Connolly, 1997). If the extraction remains channelized,
metamorphic fluid pathways are expected to maintain high fluid-
rock ratios potentially resulting in the formation of quartz veins
in the upper and middle crust (Walther and Orville, 1982; Yardley,
1983).

The relatively higher potential for Archean shale to dehydrate
and drive fluid release may be an important consideration in the
formation of gold mineralized quartz veins in Precambrian meta-
morphic terrains (Robert and Brown, 1986; Groves et al., 1987;
Kerrich and Feng, 1992; Robert et al., 1995; Jia and Kerrich, 2000).
While preservation potential and exposure levels must be consid-
ered, the decrease in shale hydration potential through time
showed in this study (Fig. 6) correlates with the progressive
decrease in the global amount of orogenic gold resources (Goldfarb
et al., 2001). Most of the worlds orogenic gold deposits are found
within Archean cratons (3.0e2.5 Ga). Reworked metamorphic and
placer gold deposits appear to be largely concentrated in
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Proterozoic terrains (1.8e0.6 Ga), while there are no known gold
deposits younger than 50 Ma (Goldfarb et al., 2001).

5.3. Implications of secular changes in siliciclastic compositions on
the observable mineral assemblages in metamorphosed continental
margins

The predicted increase in chlorite stability with ferromagnesic
content maps on to the observed prevalence of chlorite-rich li-
thologies in Paleoproterozoic and Archean siliciclastic terrains (e.g.
Dunbar and McCall, 1971; de Wit, 1991; Macfarlane et al., 1994;
Hunter et al., 1998; Komiya et al., 1999; Sharpe and Gemmell,
2002; Saito et al., 2015). The relatively high abundance of chlorite
in Archean shale, compared to the younger shale compositions,
contributes to the ‘greenstone’ denomination of Archean meta-
sedimentary units. Archean greenstone belts are successions of
supracrustal rocks, largely comprised of mafic volcanics, turbidites
and clastic sediments metamorphosed under greenschist to
amphibolite facies conditions (Condie, 1981). While the definition
of greenstone belt might be extended to younger terranes as sug-
gested by Condie (1981), this study demonstrates the composi-
tional sensitivity of chlorite in shale. Under lower-amphibolite
facies conditions Archean shale compositions produce a chlorite
schist, whereas under the same conditions Proterozoic and Phan-
erozoic compositions form a muscovite-biotite schist. We highlight
this predicted mineral assemblage variation to show the care with
which themodern-daymetamorphic facies systemmust be applied
to Archean compositions.

5.4. Evolution of silicate melts

In continental collision settings, the onset of partial melting
typically occurs under upper-amphibolite facies conditions (Sawyer
et al., 2011). Under water-poor conditions, majormelt production in
metasedimentary rocks generally proceeds at temperatures above
700 �C by incongruent melting of micas to produce peraluminous
granitic melts (Douce and Harris, 1998). The composition of the
melt generated is dependent on the mineral assemblage of the
protolith (e.g. hydrous phases) and the degree of partial melting
(Stevens et al., 1997, 2007; Douce and McCarthy, 1998; Clemens
et al., 2011; Clemens and Stevens, 2012). The proportion of hy-
drous minerals stable at suprasolidus temperatures is therefore a
key parameter when considering the composition of partial melt.
Owing to the increased stability of chlorite, the more mafic Archean
shale undergoes a larger degree of subsolidus dehydration, which
lowers its potential to generate melt at temperatures below 900 �C.
Additionally, the higher iron and magnesium content of Archean
shale favours the formation of biotite over muscovite at tempera-
tures above 550 �C. At higher pressures, with the increasing
dominance of water-absent muscovite dehydration melting, a
larger volume of H2O-rich meltis generated (Fig. 4). Our calcula-
tions suggest that the generation of relatively water-rich per-
aluminous melt of leucogranitic composition has increased from
the Archean to Phanerozoic.

The production of anatectic melts and the genesis of S-type
granite (i.e. final product of the partial melting of sedimentary
source), has been demonstrated to involve a large set processes
such as disequilibrium partial melting (e.g. Taylor et al., 2014;
Guevara and Caddick, 2016; Nicoli et al., 2017) and entrainment
of peritectic phases (Stevens et al., 2007; Garcia-Arias and Stevens,
2017a,b), which are not considered here. Therefore, comparing the
modelled melts with a possible secular evolution of S-type granite
chemistry (Clemens and Stevens, 2012) is a complex task and
beyond the scope of this paper. The modelled melt compositions
are more likely to mimic melt inclusion chemistries from anatectic
terrains (Acosta-Vigil et al., 2001; Ferrero et al., 2012, 2014; Bartoli
et al., 2013) and experimental melts designed to reproduce partial
melting of a pelitic sources of Precambrian and Phanerozoic com-
positions (Stevens et al., 1997; Douce and Harris, 1998; Pickering
and Johnston, 1998) (Fig. 6). Melt inclusion data from Archean
terrains is scarce, however, Proterozoic and Phanerozoic melt in-
clusion compositions define a secular trend with a decrease in K
content and Ca:Na ratio through time (Fig. 6). Experimental melts
follow a similar pattern (Fig. 6). The melt compositions modelled in
our study best reproduce the general trends seen in the melt in-
clusion and experimental data for the lower pressure geotherm A
(Fig. 6). However, further careful consideration of the uncertainties
introduced during the selection of effective bulk compositions
(Palin et al., 2016) are required to rigorously compare modelled
results with natural data.

6. Conclusions

This study demonstrates the strength of thermodynamic
modelling in exploring the metamorphic consequences of a secular
changes in Earth’s crust. We designed this study to investigate ideal
scenarios of sediment burial during an orogenic episode. Accord-
ingly, it does not reproduce a specific situation but rather empha-
sises the general variations that may be expected to result from
changes in shale and greywacke compositions.

The key findings of this study are:

(1) Changes in shale (and to a lesser extend greywacke) compo-
sition through time directly affect the abundance of hydrous
phases in the equilibrium mineral assemblage. In Archean
shales, chlorite is the main hydrous phase at temperatures
< 550 �C, which allows the rock to retain up to 4 vol.% of water
during the early stage of Barrovian metamorphism.

(2) The ferromagnesium content of shale and greywacke strongly
influences the temperature of mica breakdown. Archean shale
dehydrates over a narrow temperature window of w550e580
�C corresponding to the breakdown of chlorite whereas, Pro-
terozoic and Phanerozoic shale compositions undergo two
major dehydration events at w475 �C and 600e625 �C.



G. Nicoli, B. Dyck / Geoscience Frontiers 9 (2018) 967e975974
(3) Partial melting of Archean shales is controlled by the dehy-
dration of biotite while water-absent muscovite dehydration
melting is the primary melt producing reaction in Proterozoic
and Phanerozoic shale and greywacke.

(4) Secular change in the compositions of shale and greywacke is
reflected in the evolution of anatectic melt towards an
increasingly less viscous, Ca-rich, and Mg-poor monzogranite.
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