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Abstract—New regularities of the viscosity of near-liquid felsic, medium, and mafic hydrous magmas have been established in a wide
range of thermodynamic parameters and the Earth’s crust depths (1-30 km). The study was carried out using our new structural and chemi-
cal model of reliable predictions and by calculation of the viscosity of magmas of almost any composition. It is shown that these regularities
are actually a quantitative physicochemical basis explaining the cause of the relative distribution of intrusive and effusive felsic and mafic
rocks in the Earth’s crust. This confirms V.S. Sobolev’s idea of the relationship between the relative distribution of intrusive and effusive
felsic, medium, and mafic rocks in the Earth’s crust and the laws of changes in the viscosity of hydrous magmas in a variable P-T field.
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INTRODUCTION

The knowledge of the average values and range of chang-
es in the volume ratios of intrusive and effusive rocks (I:E)
in the Earth’s crust is important for establishing the nature
of magmatic activity in different geotectonic zones of the
Earth and in different geologic epochs. It is also helpful for
approaching the correct solution to the problem of the origin
of igneous rocks in general. However, the I:E coefficients
are difficult to estimate accurately, because plutonic rocks
can be buried under sediments, or volcanic rocks can be de-
stroyed, or the relationship between volcanic and plutonic
rocks is uncertain. Seismic, geodetic, and electromagnetic
methods can yield the size of the partial- or full-melting re-
gions beneath the volcanoes. However, the size of a magma
source formed during a single melting period in the Earth’s
crust, compared to a longer period of the Earth’s history,
cannot be a valid indicator of the total intrusive volume
(White et al., 2006). The calculations made by Soloviev
(1970) for the territory of the Soviet Union and by Daly
(1933) for the territory of the United States give an idea of
the relative prevalence of the main types of igneous rocks
within the continents. The researchers found that granites
and granodiorites, making up more than 84% of the area oc-
cupied by intrusive rocks, are the most common among in-
trusive rocks within the Earth’s crust. Among the main maf-
ic plutonic rocks, the most developed were rocks close in
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composition to gabbro. Among the effusive formations, to a
lesser extent, the bulk belongs to basalts and then to andes-
ites, which together occupy more than 85% of the total area
of development of effusive rocks. The next are rhyolites,
and a very insignificant role is played by alkaline effusions.
However, the difficult task of establishing strict quantitative
ratios of plutonic and volcanic rocks in the Earth’s crust re-
mains controversial to this day (Winrker, 1962; Harris et al.,
1970; Shaw, 1975; Crisp, 1984; Christiansen, 2001; White et
al., 2006; Glazner et al., 2015; Lundstrom and Glazner,
2016). For example, the relationship between acidic volcanic
and plutonic rocks has long been debated by geologists, be-
cause a significant set of studies in petrology, geochemistry,
geochronology, thermal and thermodynamic modeling, and
geophysical methods leads to conflicting interpretations, dis-
cussed in detail in a number of works (Lipman, 1984; White
et al., 2006; Glazner et al., 2015; Lundstrom, Glazner, 2016).

The main factors that correlate with the volume ratio of
plutonic and volcanic rocks observed in nature in the Earth’s
crust are as follows: the composition of magma; its degree
of crystallinity and fluid saturation; oxygen potential f{O,);
crustal thickness; tectonic setting and regional stresses,
(Winkler, 1962; Harris et al., 1970; Lukanin, 1985; Di
Genova et al., 2017). The ratios of intrusive and extrusive
volumes are typically around 5:1 for the oceanic crust and
10:1 for the continental crust. This difference seems to re-
flect the unequal rate of magma rise associated with differ-
ent crustal thicknesses and magma compositions (Winkler,
1962; Harris et al., 1970; Marsh, 1981). Note that in very
few areas of the Earth the main parts of both volcanic and
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associated plutonic rocks are preserved and exposed. A typi-
cal example of acidic rocks is the Yellowstone supervolca-
no. Geophysical studies indicate that a volume of approxi-
mately 32,800 + 4,200 km® of granite plutonic rock is
contained there (Crisp, 1984; Christiansen, 2001). The volu-
me of volcanic rocks formed in Yellowstone during the last
2.2 Ma is from 3550 to 7250 km®. Comparison of intrusive
with extrusive volumes (I:E) for the Yellowstone field gives
a ratio between 4:1 and 10:1 (Persikov, 2019). In the review
paper (White et al., 2006), based on an analysis of the volu-
me of volcanic and plutonic rocks of more than 170 prov-
inces of the Earth, a ratio (I:E) of 5:1 is given, which the
authors take as the average value for most magmatic sys-
tems, while emphasizing the significant uncertainty of this
estimate. Based on the data obtained, the authors rightly
note a systematic and significant correlation between the ra-
tio (I:E) and the composition of magma, and hence its vis-
cosity. It is known that the viscosity of magmas largely de-
termines the nature of the movement of magmatic melts in
the Earth’s crust and upper mantle, textural features of intru-
sions and effusions, and many other features of magmatic
rocks (Zavaritsky and Sobolev, 1961; Sobolev, 1973; Per-
sikov, 1984, 1991). Relying on physicochemical analysis of
the fusion diagrams of silicate—water systems and petrologi-
cal analysis of magma—water systems in the Earth’s crust
and upper mantle, Sobolev proposed a general scheme of
vertical movement of magmas in the Earth’s crust and upper
mantle, formed at different values of Py, and py,o, and
proved the impossibility of outpouring of magmas with wa-
ter content in them X(H,0) > 1-2 wt.% (Sobolev, 1973). A
little earlier Sobolev had proposed (oral report, 1971) to ex-
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plain relative prevalence of intrusive and effusive rock
masses of acidic, intermediate, and mafic compositions in
the Earth’s crust based on the understanding of the laws of
viscosity of hydrous magmas in a variable field of tempera-
tures and pressures. Alas, in those years it was not possible
to solve this problem, because experimental and theoretical
studies of the viscosity of such melts at high pressures were
just beginning.

It should be noted that the first attempt to solve this prob-
lem at the semiquantitative level was made earlier on the
basis of the experimental and theoretical results obtained at
that time on the viscosity of magmatic melts (Persikov,
1984, 1991). It took more than two decades of such studies,
the main result of which was the developed physicochemi-
cal model of reliable predictions and calculations of the vis-
cosity of heterogeneous magmas of almost any composition
from acidic to ultramafic in a variable field of temperatures
and pressures of the Earth’s crust and upper mantle. The
new structural-chemical model for the first time allows cal-
culating and predicting the viscosity of magmatic melts of
almost any composition as a function of the following pa-
rameters: (1) temperature; (2) total and fluid pressures; (3)
melt composition, including volatile components (H,O,
OH, CO,, CO32’, F, and Cl)); (4) ratios of cations: AI**/
(AP +Si*"), Fe?'/(Fe*" + Fe’), AIPY/(Na" + K" + Ca*" +
Mg?" + Fe?"); (5) volume content of crystals and bubbles (up
to 45% by volume) (Persikov, 1998, 2007; Persikov and
Bukhtiyarov, 2009; Persikov et al., 2015; and references
therein). The characteristic features of this model are as fol-
lows: (1) structural-chemical approach; (2) the maximum
possible simplicity of analytical dependences; (3) high ac-
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Fig. 1. Temperature dependences of the viscosity of anhydrous and hydrous kimberlite and basaltic melts. The error of experimental and calcu-
lated data is = 30% rel.; the experimental data on the temperature dependences of the viscosity of dry melts are taken from (Persikov et al., 2015);

a, Partial pressure py,q =
containing basaltic melts, X(H,0) =

100 MPa; b, lithostatic pressure Py, =

5.5 GPa. 1, anhydrous kimberlite melts; 2, anhydrous basaltic melts; 3, water-
3 wt.%; 4, water-containing kimberlite melts, X(H,0) = 3 wt.% (Persikov et al., 2017).
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Fig. 2. Isothermal (1800 °C) pressure dependences of the viscosity of
anhydrous and hydrous (X(H,0) = 3 wt.%) kimberlite and basaltic
melts. The error of the experimental and calculated data is + 30 rel.%
(Persikov et al., 2017). For symbols, see Fig. 1.

curacy of the predict (£30 rel.%), commensurate with the
experimental error of viscosity measurements for such melts
at high pressures. The model was developed with the use of
experimental and theoretical results of a long-term study
carried out by the author and colleagues as well as the entire
bank of published experimental data on the viscosity of
magmatic melts obtained in many laboratories around the
world. A simple and convenient computer program has been
developed, which is used in this paper and is recommended
for calculations of the viscosity of magmas and water diffu-
sion in them when modeling the processes of origin and
evolution of magmas and their dynamics. Applying this
model, in the recent work (Persikov, 2019), reliable regu-
larities of the viscosity and structure of near-liquid water-
containing granitic magmas were obtained for the first time,
at thermodynamic parameters corresponding to a wide range
of depths of the Earth's crust (1-30 km). For additional ver-
ification of the model-based predictions of magma viscosity,
we compare Figs. 1, 2 new experimental and prediction data
on temperature and pressure dependences of the viscosity of
water-containing and anhydrous kimberlite and basalt melts
in a wide range of temperatures (1200—1950 °C) and pres-
sures (0.1-7.5 GPa) in the Earth’s crust and upper mantle.
It is obvious that the data on the viscosity of such melts
(Figs. 1, 2) obtained from the model correspond very well to
the experimental results within the specified accuracy. In
this paper, the patterns of changes in the viscosity of near-
liquid hydrous magmas of intermediate and mafic composi-
tions were established, which were compared with the previ-
ously established patterns of changes in the viscosity of
near-liquid hydrous granitic magmas (Persikov, 2019) at
T—-P parameters of the Earth’s crust. These results, along
with the physicochemical analysis of the structural features
of hydrous magmas in the acidic-mafic series, quantitatively
confirm Sobolev’s idea of the relationship between the laws

of magma viscosity and the relative crustal prevalence of
such intrusive and effusive rocks in the acidic—mafic series.

RESULTS AND DISCUSSION

The modified theoretical Arrhenius—Frenkel-Eyring
equation (Persikov, 1998, 2007; Persikov and Bukhtiyarov,
2009; Persikov et al., 2015) was used for calculations of
concentration, temperature, and pressure dependences of the
viscosity of magmatic melts in the acidic—intermediate—
mafic magma range:

N, =n,exp(Ey RT), )

where E;(J/mol) is the activation energy of the viscous
flow, which is a function of:

(1) the composition of the magmatic melt, (2) the con-
centration of two forms of dissolved water in it (OH™ and
H,0), and (3) the pressure; n;) is the magma viscosity at a
given temperature and pressure (Pa-s); 1, is a pre-exponen-
tial constant (Pa‘'s) characterizing the melt viscosity at
T'— o (logh,=—4.5+ 0.14); T is the temperature (K); R =
8.3192 (J/mol-K) is a gas constant .

Of all the physical and chemical properties of silicate and
magmatic melts, the viscosity has the most complicated re-
lationship with the composition of the liquid and its struc-
ture. The degree of viscosity sensitivity to changes in the
composition and structure of magmatic melts is clearly
characterized, for example, by the following experimental
data: In the granite—basalt series, the viscosity of near-liquid
melts decreases by a huge amount, approximately by 103
times (Persikov, 1984, 1991, 1998). This complex problem
was solved quite correctly on the basis of the structural-
chemical approach, using theoretical equation (1), which is
described in detail in a number of papers (Persikov, 1984,
1991, 1998, 2007; Persikov and Bukhtiyarov, 2009). To
characterize the features of the chemical composition and
structure of magmas, the parameter — 100NBO/T is used,
i.e., the ratio of the amount of nonbridging oxygen in melt
(NBO = O* + O) to the sum of the network-forming cat-
ions of the melt 7= (A" + Si*" + Fe3" + Ti*" + P3" + B*).
This parameter, which we call the degree of depolymeriza-
tion, or the basicity coefficient of magmas (Persikov, 1984,
1991, 1998, 2007), or the percentage of broken bonds in the
melt structure, after (Carron, 1969; Shaw, 1972), reflects the
structure and composition of magmas adequately and with
the greatest sensitivity. It should be emphasized that for the
range of magma compositions from acidic to mafic, this pa-
rameter varies from 0 to 100, whereas the similar NBO/T
parameter, often used in western literature (Mysen, 1991),
changes in the same range of magma compositions only
from O to 1. This is important because the NBO/T parameter
is close to 0 for polymerized granitic melts and therefore
cannot reflect the chemistry and structure of polymerized
granitic magmas (Persikov, 1984, 1991; Di Genova et al.,
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2017). For example, confirming this deficiency of the struc-
tural-chemical parameter NBO/7, it is shown in (Di Genova
etal., 2017) that the influence of water concentration and the
degree of crystallinity of acidic magma alone cannot explain
the correlation between the composition of magma and cy-
clicity of the effusive and explosive nature of volcanic erup-
tions of acidic rocks of the Yellowstone field. The authors of
(Di Genova et al., 2017) proposed three other structural pa-
rameters which might be effective in explaining this feature
of acidic volcanism of similar composition:

1. RAI = (Na,O + K,0 + CaO + MgO + FeO)/(AL,O; +
Fe,05) — rheological agpaitic index;

2. Molar ratio K = K,0/(K,0 + Na,0);

3. Oxidation state of iron in magma (FeO/(FeO + Fe,05)).
The authors refer to the published models of viscosity pre-
diction (Hui and Zhang, 2007; Giordano et al., 2008), which,
in their opinion, cannot explain the observed phenomenon.
This conclusion is undoubtedly true, but, unfortunately,
these authors are apparently not familiar with our model of
calculations and prediction of magmatic melt viscosity (Per-
sikov, 2007; Persikov and Bukhtiyarov, 2009; Persikov et
al., 2015), in which all these structural parameters are taken
into account, along with the 100NBO/T parameter (see
above and (Persikov, 2007; Persikov and Bukhtiyarov,
2009; Persikov et al., 2015). The 100NBO/T parameter does
not have the same drawback noted above for granitic melts,
especially water-containing ones, changes significantly (see
below), and is used in our model to calculate the activation
energy of the viscous flow of magmatic melts. Calculation of
the 100NBO/T parameter is made based on the chemical
composition of the melt, expressed in wt.% oxides, by a sim-
ple method (Persikov, 1984, 1991, 1998) using equation (2):

100NBO /T =200 - (O —2T7)/ T, )

where 7 is the total number of gram-ions of the melt formers
in the melt structure T = (Si*, AI’*, Fe**, Ti*", P>, B*"),
located in fourfold coordination to oxygen and making up
the anionic part of the structure, and O is the total number of
gram-ions of oxygen in the melt.

It should be noted that a generalized structural-chemical
dependence of the activation energy of the viscous flow of
magmatic melts was previously obtained. According to it,
the entire range of compositions of natural magmas is di-
vided into four sections, with different degrees of change in
the activation energy and, accordingly, viscosity, depending
on the composition and structure of magma (Persikov, 1998,
2007; Persikov and Bukhtiyarov, 2009). The range of mag-
ma compositions in the acidic-mafic series corresponds to
the first two sites:

(1) fully polymerized acidic magma, O < 100NBO/T <
17;

(2) partially depolymerized intermediate-mafic magmas,
17 < 100NBO/T < 100.

In this range of magma compositions, the fracture points
of the dependence E = f{100NBO/T) characterize qualitative

changes in the structure of magmatic melts: At 100NBO/T =
17, the decay of the three-dimensional framework structure
is completed, and at 100NBO/T = 100, the formation of di-
and metasilicate structures in magmatic melts is completed,
respectively (Persikov, 1984, 1991, 1998). The initial chem-
ical compositions of the rocks used in this work, along with
the degree of depolymerization of their melts, are given in
Table 1. The average compositions of granite (rhyolite) and
basalt obtained in (Le Maitre, 1976) on the basis of more
than 3500 analyses of granite and basalt compositions from
almost all regions of the world were chosen as representa-
tive compositions of acidic and basic rocks. As a representa-
tive composition of intermediate rocks (andesite and dio-
rite), the composition of andesite from Avacha Volcano
(Kamchatka) was chosen, the chemical composition of
which is close to the average composition of andesites, ac-
cording to the work (Le Maitre, 1976), and the viscosity of
such a melt had been previously studied experimentally at
high pressures (Bukhtiyarov et al., 1987).

It is important to emphasize the following:

1. It is now reliably established, on the basis of a signifi-
cant amount of experimental-theoretical data, that from a
wide range of compositions of the fluid of acidic, intermedi-
ate, and mafic magmas (H,O, CO,, HCI, NaCl, HF, NaF,
and H,S), water dissolving in magmas in two forms (chem-
ical (hydroxyl OH") and physical (molecular H,0)) has a

Table 1. Chemical composition (wt.%) and structural-chemical
parameters (100NBO/T) of the starting granite, andesite, and basalt

Component Granite* Andesite** Basalt***
SiO, 72.82 58.56 49.06
ALO; 13.27 18.98 15.67
Fe,0, 1.48 3.96 3.84
FeO 1.11 3.9 7.31
B,0, 0 0 0
MnO 0.06 0.16 0.20
MgO 0.39 3.48 6.82
CaO 1.14 6.17 9.47
Na,O 3.55 3.24 291
K,0 43 0.92 1.10
TiO, 0.28 0 1.82
P,04 0.07 0 0.34
Li,O 0 0 0
H,O (molec.) 1.1 0 0.93
OH (basic) 0.31 0 0.42
OH (acid) 0 0 0
Co, 0.08 0 0.11
CO,> 0 0 0

F 0 0 0
Total 99.65 100.00 100.00
100NBO/T 5.93 21.2 56

* Average composition of granite (Le Maitre, 1976).
** Andesite, Avacha Volcano, Kamchatka (Bukhtiyarov et al., 1987).
*#%k Average composition of basalt (Le Maitre, 1976).
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decisive influence on the viscosity of such magmas: The
chemical form depolymerizes the melt and greatly reduces
the melt viscosity, and the physical form has no effect on the
structure and to a lesser extent reduces the melt viscosity.
That is, a pseudobinary magma—water system with a good
degree of approximation (Persikov, 1991, 1998). Note also
the previously established important results: Limit capacity
of melts by chemically dissolved water (hydroxyl OH ) de-
creases with increasing degree of depolymerization (basici-
ty) of magmas: granitic magmas ~6.4 wt.%, andesitic mag-
mas ~4 wt.% and basaltic magma ~3 wt.%. (Persikov, 1991,
1998; Persikov and Bukhtiyarov, 2009). It should be noted
that the problem of reliable determination of the numerical
ratio of the two forms of water dissolved in such melts
(OHf/ H,0) at different temperatures and pressures is still
debatable (Kadik et al., 1971; Stolper, 1982; Persikov, 1991,
1998; Nowak and Behrens, 1995). Our experimental and
theoretical results, as well as data obtained in a number of
other works (Nowak and Behrens, 1995), definitely confirm
the mentioned limiting capacity of these melts by the amount
of chemically dissolved water in them at high temperatures.
However, it is known that molecular H,O prevails in
quenched melts (glasses) obtained by isobaric quenching of
water-containing melts, especially after experiments at py,,
> 200 MPa, (Stolper, 1982; Persikov, 1984, 1991, 1998;
Nowak and Behrens, 1995).

2. An anomaly of dependence of viscosity of magmas in
the acidic—mafic range of compositions on total (lithostatic)
and water pressures has been established. Contrary to theo-
retical assumptions, the viscosity of such magmas decreases
with an increase in of both total (lithostatic) pressure and
partial pressure of H,O (Persikov, 1991, 1998). Naturally,
these features: the pressure dependence of magma viscosity
and the mechanism of water dissolution in magmatic melts
are taken into account in this paper (Table 2).

3. Due to the fact that there is no geological evidence of
significant overheating of acidic, intermediate and mafic
magmas in different facies of the Earth’s crust, it is of great
interest to estimate the viscosity of near-liquid magmas in
the acidic—mafic range of compositions in relation to the
structure.

Figure 3 shows a diagram of the viscosity of magma—
H,O systems: granitic melts—water (Persikov, 2019), the an-
desitic melts—water, and basaltic melts—water at thermody-
namic parameters of their near-liquid state (7= T};,. — 50 °C),
in conditions of almost the full range of crustal depths (1
—30 km). In its construction, experimental and theoretical
results of studies of the parameters of melting of granite,
andesite, and basalt rocks in the presence of water vapor
were used (Kadik et al., 1971; Perchuk, 1973; Persikov,
1984, 1991, 1998), and the melt viscosity under these condi-
tions was calculated using our model. Table 2 presents the
calculated viscosity values of water-containing granitic
(Persikov, 2019), andesitic, and basaltic melts at the param-
eters indicated in the table: (1) near-liquid temperatures, i.e.,
temperatures 50 °C lower than the experimentally estab-
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Fig. 3. Patterns of the viscosity of near-liquid (7' = Ty, — 50 °C) water-
containing granitic (Persikov, 2019), andesitic, and basaltic magmas in
a wide range of depths of the Earth’s crust (1-30 km). py,o = 10-
600 MPa, P, — up to 1000 MPa, T = 680-1100 °C (Table 2).

lished corresponding liquidus temperatures (Kadik et al.,
1971; Perchuk, 1973; Persikov, 1984, 1991, 1998); (2) pres-
sures (total P,,,,) and partial pressure py,o; (3) water content
in magmas (OH +H,0); (4) values of the degree of depoly-
merization of melts (100NBO/T); (5) volume content of
crystals and bubbles in magmas. Analysis of the presented
results (Fig. 3; Table 2) indicates the following:

1. Granitic magma. The data quantitatively confirm
many of the features of granitic rocks, such as homogeneity
of huge amounts of granitic batholiths formation, a consid-
erable length of dike varieties of granitic intrusions. Near-
liquid granitic magmas with a water content of from ~2 to
~8.0 wt.% are sufficiently mobile melts in a wide range of
thermodynamic parameters and crustal depths (1-30 km).
We established the relatively low viscosity of water-con-
taining granitic magmas (~10>7 Pa‘s) and, most importantly,
the almost complete independence of the viscosity of mag-
mas under these conditions from water content in them
(Fig. 3) and, accordingly, from the degree of depolymeriza-
tion (100NBO/T = 17-53, Table 2). It is a definite indicator
of the real possibility of homogenization of large masses of
plutonic granitic batholiths and lopoliths in the Earth’s crust
at different depth by convection and fluid-magmatic mass
transfer. Fundamentally different laws of viscosity of gra-
nitic magmas were obtained at low content of magmatic wa-
ter in them (<2 wt.% Fig. 3; Table 2). These data reflect
many features of acidic magmatism in effusive and subvol-
canic facies. With almost complete degassing of granitic
magmas, their viscosity increases by three orders of magni-
tude and reaches ~10% —10° Pa-s, and the degree of depoly-
merization decreases significantly (100NBO/T from 19 to
~4). At this viscosity, polymerized granitic magmas are not
able to flow in the form of lava flows and erupt relatively
rarely in the form of extrusions or explosive catastrophic
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Table 2. Viscosity (nﬁ ) and structural-chemical parameters (100NBO/T) of water-containing near-liquid granitic, andesitic and basaltic magmas under

thermodynamic parameters of the Earth’s crust

P P OH + H,0, T,°C 100 NBO/T Vot Vi, vol.% logn/ +30rel.%
MPa MPa wt.% (nf —Pa-s)
Py > P03 T=Tyiq— 50 °C (granitic magmas®)

10 1 0.02+0 975 35 10 +10 8.55
50 30 1.0+0.1 1000 11.4 10+ 10 6.9
60 40 1.5+0.2 925 15.4 10+10 6.6
200 50 29+0.3 850 26.4 10+ 10 5.9
500 100 4.0+04 750 35.1 10+ 10 5.6
800 200 5.19+0.5 720 44.6 10+ 10 5.65
1000 300 6.4 +1.45 670 54.1 10+ 10 5.8
500 100 383+0.4 850 33.8 10+ 10 5.64
800 200 54+0.5 750 46.2 10+ 10 5.6
1000 300 6.4+2.45 680 54.1 10+ 10 5.7
Py > Puy03 T= Ty;q — 50 °C (andesitic magmas)

10 1 0.02+0 1090 21 30 +20 39
100 30 1.0+0.1 1070 30 20 +20 3.6
200 50 1.5+0.2 1050 34 15+15 34
400 120 3.0+0.3 1030 47 15+15 32
500 200 4.0+04 1010 57 15+15 3.05
600 270 4.0+1.0 1000 57 15+15 3.0
800 350 4.0+2.0 990 57 15+15 3.0
700 430 4.0+3.0 980 57 15+15 3.0
1000 520 4.0+4.0 970 57 15+15 2.98
1000 600 4.0+5.0 965 57 15+ 15 3.0
Pyin > Puyos T =T,,— 50 °C (basaltic magmas)

10 1 0.02+0 1100 56 40 + 40 3.4
100 30 05+0 1090 60 20 +20 2.74
100 30 1.0+0.1 1070 63 15+15 2.6
100 50 2+0.1 1060 73 15+15 2.4
200 120 3.0+0.3 1040 83 15+15 2.3
400 200 3.0+1.0 1020 83 15+15 22
600 270 3.0+2.0 1010 83 15+15 2.1
700 350 3.0+3.0 1000 83 15+15 2.0
800 430 3.0+4.0 990 83 10+ 10 2.0
900 520 3.0+5.0 980 83 10+ 10 2.03
1000 600 3.0+6.0 975 83 10+ 10 2.02

Note: *granitic magmas (Persikov, 2019).

eruptions. The main mass of such granitic magmas will not
reach the Earth’s surface, and their formation and crystalli-
zation will occur in the plutonic facies. This quantitatively
confirms the idea of V.S. Sobolev that the laws of viscosity
of such magmas correlate with the relative prevalence of the
masses of intrusive (granites) and effusive (rhyolites) rocks
in the Earth’s crust (Persikov, 2019).

2. Andesitic and basaltic magmas showed rheological
patterns, which were similar to each other but fundamentally
different from granitic ones. At the 7—P parameters of their
near-liquid state and the large depth range of the crust, an-

desitic and basaltic magmas with a water content of from ~2
to ~9 wt.% are highly mobile melts in a wide range of ther-
modynamic parameters and depths of the Earth’s crust (1—
30 km). We obtained the extremely low viscosity of water-
saturated andesitic (~10° Pa-s) and especially basaltic
(~10? Pa-s) magmas and the almost complete independence
of the viscosity of magmas in these conditions from the wa-
ter content in them and from the degree of depolymerization
(100NBO/T = 47-57, andesitic melts; 100NBO/T = 73-83,
basalt melts, Table 2). This is definitely indicates the real
possibility of homogenization of large masses of andesites
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and basalts in magmatic chambers in the Earth’s crust by
convection and fluid-magmatic mass transfer. It should be
emphasized that the viscosity of the water-saturated andes-
itic magmas in this range of H,O concentrations is three or-
ders of magnitude less than the viscosity of water-saturated
granitic magma, and the viscosity of water-saturated basaltic
magmas is already four orders of magnitude less. However,
the ability to rise to the upper horizons of the Earth’s crust,
up to the volcanoes, will be shown predominantly by andes-
itic and basaltic magmas undersaturated with water. This
conclusion of Sobolev and others (Sobolev, 1973; Yoder,
1976; Persikov, 1984, 1991, 1998) is confirmed by the ob-
tained data. Indeed, low-viscosity near-liquid andesitic and
basaltic magmas saturated with water (X(H,0) > 2 wt.%,
Fig. 3) will be intensively degassed when they rise to higher
hypsometric levels of the Earth’s crust due to a decrease in
pressure, dumping excess water through diffusion and bub-
ble mechanisms. The crystallization process of such mag-
mas will also develop intensively due to the increase in their
liquidus temperature, caused by the decrease in the partial
pressure of H,O and the relatively low viscosity of these
magmas, (Persikov, 1984, 1991). Water loss and the crystals
and bubbles formed in magma will significantly increase the
effective viscosity of heterogeneous magma (1000 and more
times for andesitic magma and 100 and more times for ba-
saltic magma), and, accordingly, the rate of magma rise will
significantly decrease. Moreover, when the threshold degree
of magma crystallinity (=60 vol.%) is reached, it becomes
impossible for magma to rise to the upper hypsometric lev-
els up to volcanic eruption (Sobolev, 1973; Yoder, 1976;
Marsh, 1981; Russell et al., 2012; Persikov et al., 2015).
Eventually, such magma will completely crystallize at
depth. But unlike the granitic magmas, near-liquid water-
unsaturated andesitic and basaltic magma at low concentra-
tion of water (X(H,0) < 2 wt.%, Fig. 3) remain very mobile
melts even when they degas in the effusive facies with a
viscosity of ~10* Pa's (andesitic melt + crystals + bubbles)
and ~103 Pa's (basaltic melt + crystals + bubbles) (Fig. 3;
Table 2). The latter is well correlated with the conclusion of
the paper (Sobolev, 1973) and estimates of the viscosity of
lava flows of the Great Tolbachik Fissure Eruption (1975—
1976) by volcanologists of Kamchatka (Andreev et al.,
1978). This feature of the rheology of water-unsaturated an-
desitic and basaltic magmas is the main cause of the rela-
tively wide distribution of andesite masses in the Earth’s
crust compared to diorites and, accordingly, of basalt mass-
es compared to gabbro.

CONCLUSION

1. The established patterns of viscosity and structure of
near-liquid hydrous magmas in the range of acid—intermedi-
ate—mafic compositions at thermodynamic parameters of a
wide range of crustal depths (1-30 km) confirm, on a quan-
titative physicochemical basis, the possible ranges and lim-

its of movement of such magmas at different hypsometric
levels in the Earth’s crust.

2. These patterns of viscosity of near-liquid hydrous
magmas within the range of the acidic—mafic compositions
confirm, on a physicochemical basis, Sobolev’s idea of the
relationship between the viscosity of hydrous magmas and
the relative crustal abundance of intrusive and effusive rock
masses. Thus, a rigorous physicochemical explanation is
given for the natural domination of intrusive masses of gran-
ites in the Earth’s crust compared to the effusive rhyolites
(liparite) and, on the contrary, of massive effusive andesites
and basalts compared to the intrusive counterparts (diorite
and gabbro).
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