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Abstract—Based on intergration of the published data on composition of inclusions in minerals and quenched
glasses, the mean concentrations of 24 ore elements have been calculated for magmatic silicate melts formed
in main geodynamic settings of the Earth and in natural fluids. The mean glass compositions normalized to
the primitive mantle correlate with the partition coefficient between olivine and the basic melt. It is estab-
lished that the degree of enrichment in ore elements depending on geodynamic setting is controlled by various
contribution of fluids to the element transfer and accumulation. The ratios of element contents in each geo-
dynamic setting to the mean concentrations of elements over all settings in the Earth have been calculated.
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INTRODUCTION

The neverending interest in magmatic (related to a
particular degree to magmatism) deposits is deter-
mined by their crucial significance as a source of
noble, nonferrous, and rare metals. The study of these
deposits is primarily aimed at elucidating their forma-
tion in various geodynamic settings, creating descrip-
tive and genetic models for forecasting, prospecting,
and assessing territories with respect to economically
important mineral deposits (Hedenquist and Lowen-
stern, 1994; Kerrich et al., 2000; Sillitoe, 2000, 2010;
Lang and Baker, 2001; Meinert et al., 2003; Richards,
2003; Seedorft et al., 2005; Sillitoe and Hedenquist,
2003; Kovalenker, 2006; Safonov et al., 2006; Bort-
nikov et al, 2012; Volkov et al., 2014; Mao et al., 2014).

These and other related publications consider the
key problems of ore geology and metallogeny in
regards to the structure of the lithosphere, petrology,
and tectonic regimes of continental crust formation
with case studies of the main types of deposits associ-
ated with intrusions. The physicochemical processes
responsible for the formation of magmas enriched in
metals, volatile components, and water are also
involved in the discussion.

The complexity and diversity of the origin of mag-
matic deposits and sources of metals and fluids neces-
sary for their formation are underscored by the spe-
cific geochemical profile of mineralization: Ni, Cu,
Cr, Co, and PGE deposits are associated with mafic
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and ultramafic igneous bodies; Cu, Au, Ag, Mo, W,
and Sn deposits are related to intermediate and felsic
magmas; deposits with rare elements, including REE,
are derivatives of alkaline melts.

Broadly speaking, this implies that in many cases
regional metallogenic features are determined by the
occurrence of certain igneous rocks specific in chemi-
cal composition. The close genetic links between sub-
duction-related calc-alkaline magmas and porphyry-
type Cu, Au, Mo and epithermal Au, Ag, Cu, Pb, Zn
deposits at active continental margins and in island
arcs are a striking example (Hedenquist and Lowen-
stern, 1994; Sawkins, 1990). Another example is the
obvious association of world-class porphyry and epi-
thermal Au, Cu, Te deposits, including a high percent-
age of large and superlarge objects, with high-K alka-
line magmas (Sillitoe, 1997; Miiller and Forrestal,
1998; Zhao et al., 2003). The specificity of these alka-
line rocks, which occupy no more than 5—10 vol % in
island-arcs and at active margins, consists in low sul-
fur concentrations, but there are high fO, and high
concentrations of the volatile component; 40% of the
largest epithermal and porphyry Au—Cu deposits
worldwideare associated with these rocks (Zhao ef al.,
2003).

As concerns the source of metals, some authors
suggest that a subducted oceanic plate (slab) or overly-
ing metasomatized mantle wedge could be such
sources for the deposits associated with felsic magma-
tism in volcanic—plutonic arcs (Sillitoe, 1997; Mun-
gall, 2002). Others involve anatexis of the lower crust
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Table 1. Number of publications containing data on con-
centrations of ore elements (V, Cr, Co, Ni, Cu, Zn, Ga, Ge,
As, Nb, Mo, Ag, Cd, In, Sn, Sb, Ta, W, Au, TI, Pb, Bi, Th,
U) in magmatic silicate melts and natural fluids, which
appeared in print in different time periods

Number of publications
Period

melts fluids
1975—1979 1 —
1980—1984 5 —
1985—1989 20 -
1990—1994 40 4
1995—1999 80 6
2000—2004 134 25
2005—2009 154 50
2010—2014 174 66
1975-2014 608 151

(Hedenquist and Lowenstern, 1994; Tomkins and
Mavrogenes, 2003) or residual mantle heterogeneity
(Sillitoe, 1972). It is also supposed that formation of
ore-producing magmas is related to mixing of mantle
and crustal materials (Richards, 2003).

In contrast, gold mineral-forming systems (so-
called intrusion-related and granite-related deposits)
are commonly associated with reduced magmatic
melts, which are likely products of partial melting of
crustal rocks (Lang and Baker, 2001). This casts doubt
on the need for an oceanic plate or mantle to be a
source of gold (Tomkins et al., 2009). Therefore, it is
important to reveal the processes that influence the
metal contents in these crustal rocks.

Up to now, a great deal of data has been published
on concentrations of ore elements and volatile compo-
nents (H,O, Cl, S) in natural silicate melts formed in
various geodynamic settings. These studies became
especially efficient with the implementation of local
quantitative analysis (electron, ion, and proton micro-
probes; Raman spectroscopy, mass spectrometry with
laser ablation; local infrared spectroscopy, etc.). In
this paper, based on integration of the published
data, we attempt to assess the level of metal concen-
trations in igneous rocks formed in different geody-
namic settings. Recently available rather sensitive
methods of chemical analysis of fluid inclusions in
minerals (LA-ICPMS etc.) make it possible to assess
the concentrations of ore components in natural fluids
and to compare them with concentrations in mag-
matic melts.

ORE ELEMENT CONTENTS IN NATURAL
MELTS AND FLUIDS

Table 1 presents the information on number of
publications reporting analytical results on 24 ore ele-
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ments in magmatic silicate melts and natural fluids
obtained in various periods of time. Note that 54% of
the data on ore elements in magmatic melts and 77%
of the data on the same elements in natural fluids have
been published over the last 10 years (2005—2014).

Table 2 contains information on the number of
publications and determinations of each ore element
in magmatic silicate melts and fluids. For silicate
melts, the representativeness of the data is shown for
the main geodynamic settings: I, oceanic ridges; 11,
oceanic islands; III, island arcs; IV, active continental
margins; V, intracontinental rifts and hotspots; VI,
backarc basins, and the total for all terrestrial settings.
We cannot list all 608 publications; therefore, in the
notes to Table 2 we give references only to those works
with 30 or more analyses of ore elements contained in
melt inclusions or quenched glasses of volcanic rocks.

As been shown in our previous publications (Nau-
mov et al., 2004, 2010, 2014; Kovalenko et a., 20006),
the geometric mean is more adequate than the arith-
metic mean for calculating rare element concentra-
tions because of their lognormal distribution. This
type of distribution for certain ore elements is exem-
plified in magmatic melts (Fig. 1) and in natural fluids
(Fig. 2). The geometric mean was calculated under the
condition that the value of induvidual determination
does not deviate from the average value by more than
20 with a probability of 95%. In addition, the possible
occurrence of peaks in the considered total set of data
is verified. Values with a probability of deviating from
the average by more than 5% have been rejected, and
afterward, the average was again recalculated. The
mean element concentrations in melts inherent to cer-
tain geodynamic settings and to natural fluids are
given in Table 3. In addition, the confidence intervals
for each element are also given (first numeral, plus to
the average and the second numeral, minus from the
average).

The histograms of the SiO, distribution in natural
magmatic melts typical of the main geodynamic set-
tings are deduced from the compositions of homoge-
neous melt inclusions in minerals and quenched
glasses of rocks (Fig. 3). The bimodal distribution is
distinctly expressed for island arcs (III), active conti-
nental margins (IV), and intracontinental rifts and
hotspots (V). Therefore, the mean contents of ore ele-
ments and confidence intervals are calculated for two
SiO, contents: 40—62 wt % and >62 wt %. The data
obtained presented in Table 4.

DISCUSSION

Analysis of the mean compositions of melts per-
taining to a massif of data, which comprises various
complexes with special history and formation condi-
tions, makes it possible to consider the general geo-
chemical tendencies (Kovalenko et al., 2007; Naumov
et al., 2010). Figure 4 shows variations in the mean
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Table 2. Representativeness of data on concentrations of ore elements in magmatic silicate melts (SiO, > 40 wt %) and nat-
ural fluids as deduced from compositions of melt inclusions in minerals and quenched glasses of volcanic rocks

Number of publications and determinations
Element Magmatic silicate melts Natural
I* 1 1 v v VI o fluids
A\ 37 (1987) 51 (1686) | 55 (1073) 18 (385) 63 (927) 12 (245) | 235(6328) 12 (93)
Cr 56 (2445) | 66 (2137) 72 (1398) | 22(384) 89 (895) 15 (497) 315 (7787) 15(77)
Co 25 (1154) 18 (394) 24 (393) 6 (48) 26 (242) 7 (133) 104 (2370) | 30 (264)
Ni 34 (1443) | 40 (1451) 30 (755) 9 (101) 44 (515) 11 (232) 169 (4507) | 27 (232)
Cu 30 (1582) | 21(590) 36 (1081) 21 (679) 32 (422) 11 (308) 140 (4678) | 123 (2866)
Zn 26 (1355) 21 (790) 33 (880) 14 (640) 31 (426) 7 (174) 123 (4275) | 111 (2753)
Ga 20 (1540) 11 (362) 14 (372) 6 (188) 13 (163) 4 (66) 65 (2696) 17 (164)
Ge 3 (518) 1 (16) 1(2) — 2(7) 2(32) 8 (579) 17 (157)
As 3 (366) 5(176) 11 (580) 10 (443) 9 (157) 4 (109) 38 (1835) | 85(2512)
Nb 59 (2730) | 73(3022) |[106(3355) | 51(1409) | 147 (2825) 19 (523) 447 (13968) | 20 (247)
Mo 6 (681) 9 (260) 15 (664) 11 (437) 19 (628) 5(142) 58 (2812) 54 (880)
Ag 3(573) 2 (28) 5(263) 4 (75) 4 (66) 3(63) 16 (1068) | 66 (1125)
Cd 3(644) 6 (167) 3(6) - — 3(63) 12 (880) 21 (95)
In 3 (643) 3 (128) 1(2) - — 3(63) 7 (836) 5(39%)
Sn 4 (652) 7 (334) 6 (56) 15 (477) 24 (509) 3(63) 54 (2091) | 37 (348)
Sb 3(281) 7 (193) 8 (185) 7 (381) 6 (90) 3(59) 30 (1192) 51 (1184)
Ta 41 (1939) | 41 (1701) 53 (1627) | 27 (587) 74 (1072) 11 (280) |240(7233) 991
W 5(721) 6 (164) 12 (403) 6 (253) 17 (357) 4 (74) 40 (1978) | 36 (676)
Au 3(191) 1(3) 3(127) 1(35) 2(22) 3(89) 11 (467) 41 (756)
Tl 5(598) 6 (181) 3 (117) 2 (157) — 3(53) 15 (1109) 15 (289)
Pb 35(1794) | 42 (1887) | 72(2271) | 25(955) 64 (1604) 15(401) |244(8929) | 116 (3306)
Bi 4 (620) 5 (158) 5 (111) 4 (238) 6 (142) 3(57) 24 (1331) 34 (389)
Th 53(2275) | 53(1569) | 89 (2748) | 43 (1159) | 127 (2475) 16 (422) [365(10684)( 25(274)
u 47 (2176) 47 (2107) | 79 (2455) | 41 (1039) |104 (2088) 13 (354) 315 (10251) | 35 (460)

* Here and in Table 3: main geodynamic settings (I, oceanic ridges; 11, oceanic islands; 111, island arcs; IV, active continental margins;
V, continental rifts and hotspots; VI, backarc basins); ** all terrestrial settings. Number of determinations is given in parentheses. Main
publications on magmatic melts, period 1990—1999: Devey et al., 1990; Hawkins et al., 1990; Webster and Duffield, 1994; Niu et al.,
1996; Webster et al., 1996; Niu and Batiza, 1997; Wallace et al., 1999; period 2000—2009: Anderson et al., 2000; Castillo et al., 2000;
Danyushevsky et al., 2000; Sushchevskaya et al. (a), 2000; Sushchevskaya et al. (b), 2000; Slater et al.,2001; Sun et al., 2003; Halter
et al., 2004; Perugini and Poli, 2004; Student and Bodnar, 2004; Sun et al., 2004; Workman et al., 2004; Simonov et al., 2005; Ren et al.,
2005; Audetat and Pettke, 2006; Gurenko and Sobolev, 2006; Hammer et al., 2006; Liu et al., 2006; Mustard et al., 2006; Rickers et al.,
2006; Beaudoin et al., 2007; Jordan et al., 2007; Sun et al., 2007; Zajacz and Halter, 2007; Sadofsky et al., 2008; Silant’ev et al., 2008;
MacLennan, 2008; Sun et al., 2008; Arevalo et al., 2009; Collins et al., 2009; Rowe et al., 2009; Sisson et al., 2009; period 2010—2014:
Audetat, 2010; Bouvier et al., 2010; Goss et al., 2010; Jenner et al., 2010; Ruscitto et al., 2010; Nikogosian and Bergen, 2010; Saunders
et al., 2010; Audetat et al., 2011; Cottrell and Kelley, 2011; Frey et al., 2011; Gray et al., 2011; Holwell et al., 2011; Konig et al., 2011;
McPhie et al., 2011; Sobolev et al., 2011; Waters et al., 2011; Wehrmann et al., 2011; Caulfield et al., 2012; Field et al., 2012; Guzmics
et al., 2012; Jenner and O’Neill, 2012; Jenner et al., 2012; Kamenetsky and Eggins, 2012; Laubier et al., 2012; Neave et al., 2012;
Pritchard and Larson, 2012; Salisbury et al., 2012; Timm et al., 2012; Berlo et al., 2013; Johnson et al., 2013; Lerchbaumer and Audetat,
2013; Nadeau et al., 2013; Robertson et al., 2013; Vlastelic et al., 2013; Metrich et al., 2014. Main publications on natural fluids, period
1996—2009: Rosenbaum et al., 1996; Ulrich et al., 2001; Vanko et al., 2001; Audetat and Pettke, 2003; Zaw et al., 2003; Beuchat et al.,
2004; Rusk et al., 2004; Stoffell et al., 2004; Thebaud et al., 2006; Baker et al., 2006; Wallier et al., 2006; Klemm et al., 2007; Zedge-
nizov et al., 2007; Audetat et al., 2008; Baker et al., 2008; Stoffell et al., 2008; Luders et al., 2009; Pudack et al., 2009; Su et al., 2009;
Wilkinson et al., 2009; period 2010—2014: Bortnikov et al., 2010; Kurosawa et al., 2010; Kouzmanov et al., 2010; Allan et al., 2011; Han-
ley et al., 2011; Kotzeva et al., 2011; LeFort et al., 2011; Leisen et al., 2012; Li et al., 2012; Pettke et al., 2012; Richard et al., 2012; Seo
et al., 2012; Hammerli et al., 2013; Lerchbaumer and Audetat, 2013; Marsala et al., 2013; Miron et al., 2013; Silva et al., 2013; Sirbescu
et al., 2013; Fusswinkel et al., 2014; Hurtic et al., 2014.
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Fig. 1. Histograms of Mo, Sn, Ta, Ni, Au, and Nb distribution in magmatic melts; # is number of determinations.
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Fig. 2. Histograms of As, Sn, Cu, W, Pb, and Zn distribution in natural fluids; # is number of determinations.
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Table 3. Concentrations of ore elements in magmatic silicate melts (SiO, > 40 wt %) and natural fluids as deduced from
compositions of melt inclusions in minerals and quenched glasses of volcanic rocks in various geodynamic settings (I-VI)

Magmatic melts

Element Natural fluids
I 11 1 v v VI >
V,ppm | 273 286 145 21 8.95 284 256 1.36
+95/-70 +99/—74 | +936/—126 | +161/=93 | +136/—8.40 | +114/—82 | +259/—129 |+24.4/—1.29
Cr,ppm | 309 323 54.2 48.3 247 296 266 19.5
+242/—136 | +472/—192 | +557/—49.4 | +339/—42.3 |+2932/—228 |+1020/=229 | +710/—194 | +587/—18.9
Co, ppm| 44.0 44.8 12.1 24.9 4.22 42.7 39.0 2.07
+6.5/=5.7 |+17.2/—12.4 |+54.5/=9.9 |+80.0/—19.0 |+26.48/—3.64 |+27.3/—16.6 |+29.5/—16.8 |+35.4/—1.96
Ni, ppm | 102 126 8.2 32.6 453 73.9 88.5 15.0
+61/=38 | +154/—69  |+39.5/—6.8 |+89.9/=23.9 |+1025/—43.4 | +157/=50.2 | +212/—62.5 | +189/—13.8
Cu,ppm| 752 94.7 38.4 40.3 19.3 79.0 66.4 144
+21.6/—16.8 | +63.1/=37.9 | +200/=32.2 | +185/—=33.1 | +343/—18.2 |+167.1/=53.6 | +130/—44.0 |+1997/—134
Zn,ppm| 841 128 56.8 487 72.5 83.1 77.6 298
+43.5/-28.7 | +89/—52 |+60.2/—29.2 |+46.2/—23.7 | +121/—45.3 |+42.3/—28.0 |+81.5/—39.8 |+3115/—272
Ga,ppm| 178 29.1 16.0 18.4 24.1 17.2 17.9 1.56
+2.6/—23  |+13.4/=92 | +3.6/=2.9 | +3.8/32  |+19.5/=10.8 | +2.1/—1.8 | +4.0/=3.2 |+20.27/—1.45
Ge, ppm 1.51 1.56 - - 2.36 1.77 1.53 4.68
+0.12/—0.11  |+0.07/—0.06 - - +1.01/=0.71 |+0.12/—0.11 |+0.16/—0.14 |+33.74/—4.11
As, ppm 0.20 1.00 2.66 156 16.6 119 2.15 47.3
+0.22/=0.10 |+1.42/—0.59 |+3.00/—1.41 |+3687/—149 |+44.0/—12.1 |+3.10/—0.86 |+13.05/—1.85 | +203/—38.4
Nb, ppm|  2.86 12.8 3.15 8.34 40.5 1.35 6.76 225
+5.01/—1.82 |+16.3/~72 |+6.29/=2.10 |+12.07/—4.93 [+102.3/—29.0 |+2.20/—0.84 |+22.21/—5.18 |+15.34/—1.96
Mo, ppm|  0.63 4.88 1.30 6.70 4.06 0.51 1.46 16.1
+0.35/—0.23 |+3.82/—2.14 |+0.82/—0.50 |+44.89/—5.83 |+4.57/=2.15 |+0.66/—0.29 |+3.02/—0.98 |+80.8/—13.4
Ag, ppb 212 24.4 32.4 152 182 342 26.7 2354
+75/=5.5 |+26.8/—12.8 |+31.3/—15.9 |+1382/—137 | +391/—124 |+14.4/—10.2 |+28.8/—13.4 |+13100/—1995
Cd, ppb | 139.4 134.5 - - - 142.8 139.5 2739
+28.7/-23.8 |+28.6/—23.6 - - - +25.1/-21.4 |+38.3/=30.0 |+31920/—2520
In, ppb 77.6 89.4 - - - 70.7 79.1 1080
+18.2/—14.7 | +6.3/—5.9 - - - +15.2/—12.5 |+18.3/—14.8 |+7520/—950
Sn, ppm 1.02 4.74 0.98 38.06 14.47 0.83 3.14 45.1
+0.41/—0.29 |+10.29/—3.24 | +1.18/—0.53 |+1097/—36.78|+31.93/—9.96 |+0.28/—0.21 |+15.43/=2.61 | +356/—40.0
Sb, ppm 0.013 0.10 0.1 31.28 0.73 0.03 0.19 8.00
583’509/— +0.28/—0.07 | +0.17/—0.07 |+1156/—30.46 | +1.79/—0.52 |+0.06/—0.02 |+2.22/—0.17 |+35.0/—6.51
Ta, ppm 0.29 0.91 0.45 0.79 3.84 0.08(246)  0.65 0.19
+0.43/—0.17 |+0.76/—0.42 |+1.03/=0.31 |+3.23/—0.63 |+11.11/—2.86 |+0.15/—0.05 |+1.74/—0.47 |+1.44/—0.17
W, ppm 0.03 0.29 0.46 58.0 5.25 0.07 0.46 19.1
+0.08/=0.02 |+ 0.17/—0.11 |+0.94/—0.31 |+103.2/=37.1 |+10.04/—3.45 |+0.09/—0.04 |+4.50/—0.42 |+88.8/—15.7
Au, ppb 1.09 - 2.76 57.3 74.0 2.34 1.77 557
+1.11/-0.55 - +3.36/—1.52 | +152/—41.6 | +172/=51.8 |+3.52/—1.40 |+3.35/—1.16 |+3996/—489
TI, ppb 9.87 59.0 63.2 634 - 60.1 20.5 2834
+8.15/—4.46 |+100.0/—37.1 |+88.6/—36.9 | +307/—207 - +225/-47.4 |+76.4/—16.2 |+4233/—1697
Pb, ppm 0.64 1.01 9.98 10.74 27.14 115 2.33 17.6
+0.40/—0.25 | +1.15/—0.54 |+23.64/—7.02|+20.58/—7.06 |+39.86/—16.15 |+1.82/—0.70 | 8.76/—1.84 | +297/—16.7
Bi, ppm 0.007 0.017 0.033 8.88 115 0.019 0.059 3.14
+0.002/—0.002|-+0.010/—0.006| 0.046/—0.019 |+26.86/—6.67 | +1.55/—0.66 |+0.020/—0.010|+0.66/—0.05 |+12.48/—2.51
Th, ppm 0.36 1.37 1.87 3.47 15.13 0.66 2.33 1.01
+0.68/—0.23 |+3.02/—0.94 |+8.60/—1.54 |+11.32/—2.66 |+25.91/—9.55 | +1.15/—0.41 |+14.08/—2.00 |+10.65/—0.92
U, ppm 0.09 0.52 121 1.46 5.07 0.34 0.92 1.50
+0.15/—0.06 |[+0.80/—0.31 |+3.38/=0.89 |+2.97/—0.98 |+8.10/=3.12 |+0.77/—0.23 |+5.71/=0.79 |+21.78/—1.40

The element contents were calculated as the geometric mean under the condition that the value of an individual determination does not
deviate from the average value by more than 20 with a probability of 95%; the deviation is given under the mean content: the left
numeral is plus to the mean, and the right numeral is minus from the mean).
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Fig 3. Histograms of SiO, distribution in magmatic melts from main geodynamic settings (I-VI) as deduced from composition of
homogeneous melt inclusions in minerals and of quenched glasses of rocks; # is number of determinations. I, mid-ocean ridges;
11, oceanic islands; 111, island arcs; IV, active continental margins; V, intracontinental rifts and hotspots; VI, back arc basins.
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Table 4. Concentrations of ore elements in magmatic silicate melts (SiO, > 40 wt %) from island arcs (I1I), active conti-
nental margins (IV), continental rifts and hotspots (V) as deduced from compositions of melt inclusions in minerals and
quenched glasses of volcanic rocks

111 v \'%
Element 40516(;2‘; o | Si02>62w% 40516(;2“; o | Si02>62w% 4051622“; o | Si02>62wt%
V, ppm 317 (642) 8.0 (431) 231 (337) 5.9 (48) 229 (378) 2.4 (549)
+141/-98 +31.6/—6.4 +77/—-58 +29.6/—4.9 +312/—-132 +4.6/—1.6
Cr, ppm 116 (1035) 4.3 (363) 101 (274) 4.4 (110) 488 (679) 3.8 (216)
+672/—99 +13.8/-3.3 +312/-76 +13.0/-3.3 +1856/—386 +9.8/-2.7
Co, ppm 31.9 (200) 2.8 (193) 33.4 (36) 1.4 (12) 19.7 (140) 1.2 (102)
+10.1/-7.7 +10.5/-2.2 +70.4/-22.6 +1.3/-0.7 +83.2/—15.9 +6.1/—1.0
Ni, ppm 20.5 (509) 1.9 (246) 38.3 (86) 10.4 (15) 288 (385) 0.89 (130)
+59.9/—15.3 +3.5/—1.2 +103.5/-28.0 +18.4/—-6.7 +853/-215 +8.13/—0.80
Cu, ppm 119 (338) 10.2 (743) 162 (188) 22.1 (491) 196 (167) 4.49 (255)
+91/-52 +79.6/-9.1 +384/—114 +54.8/—15.8 +712/—154 +29.30/—3.89
Zn, ppm 84.3 (302) 44.6 (578) 92.2 (93) 45.4 (547) 118 (131) 56.9 (295)
+30.3/-22.3 +43.8/-22.1 +120.5/-52.2 +35.0/—19.8 +108/-50 +116.1/—38.2
Ga, ppm 16.6 (195) 15.0 (177) 26.2 (23) 18.0 (165) 23.2(72) 25.5(91)
+24/-2.1 +5.0/=3.7 +9.4/—6.9 +2.9/-2.5 +17.1/-9.8 +25.9/—12.9
As, ppm 1.31 (265) 4.32 (315) 868 (19) 141 (424) 3.4 (8) 17.4 (149)
+2.21/-0.82 +2.79/—1.70 +970/—458 +3360/—136 +1.6/—1.1 +44.4/—12.5
Nb, ppm 1.25 (1475) 7.11 (1880) 6.11 (722) 9.65 (687) 26.76 (891) 45.57 (1934)
+1.80/—0.74 +3.94/-2.53 +13.53/—4.21 +9.30/—4.74 +91.76/—-20.72 | +102.07/—31.51
Mo, ppm 0.60 (123) 1.48 (541) 11.8 (22) 6.8 (415) 2.0 (17) 4.1 (611)
+6.57/—0.29 +0.76/—0.50 +17.4/-7.0 +48.4/—6.0 +2.4/-1.1 +4.6/—2.2
Ag, ppb 27.6 (92) 39.2 (171) 3.79 (10) 90.3 (65) — 182 (66)
+15.3/-9.8 +40.8/—20.0 +11.2/-2.8 +460.2/-75.5 +391/—124
Sn, ppm 0.72 (28) 1.36 (28) 791 (23) 31.4 (454) 15.6 (15) 14.5 (494)
+0.36/—0.24 +1.11/—-0.61 +889/—418 +881/—30.3 +87.5/—13.3 +31.6/-9.9
Sb, ppm 0.07 (128) 0.56 (57) 34.0 (18) 31.2 (363) 1.4 (7) 0.65 (83)
+0.06/— 0.03 +1.25/-0.39 +12.4/-9.1 +1260/—30.4 +2.9/—-1.0 +1.45/-0.45
Ta, ppm 0.09 (631) 0.73 (996) 0.49 (301) 8.39 (286) 1.60 (389) 7.41 (683)
+0.18/—0.06 +0.52/—0.30 +0.76/—0.30 +183/—8.02 +3.84/—1.13 +17.80/-5.23
W, ppm 0.17 (248) 0.99 (155) 52.1 (16) 56.8 (237) 1.18 (16) 5.79 (341)
+0.30/—-0.11 +2.34/—0.70 +159.6/—39.3 +101.7/—36.5 +1.65/—0.69 +10.99/-3.79
Au, ppb 2.39 (101) 3.68 (26) — 57.3 (35) 94.0 (8) 58.2 (14)
+2.81/—1.29 +3.97/—1.91 +152.2/—41.6 +240.1/—67.6 +111.6/—38.2
TI, ppb 53.4 (91) 266 (26) 82.0 (22) 646 (135) — —
+41,4/-23.3 +558/—180 +33.3/-23.7 +196/—150
Pb, ppm 2.59 (930) 18.33 (1341) 4.51 (490) 19.59 (465) 3.51 (385) 33.4 (1219)
+3.47/—-1.49 +13.62/—7.81 +5.68/—2.51 +8.19/-5.77 +9.11/-2.53 +24.6/—14.2
Bi, ppm 0.024 (80) 0.41 (31) 17.51 (13) 8.24 (225) — 1.15 (138)
+0.011/—0.008 +1.77/-0.33 +10.73/—6.65 +27.53/—6.34 +1.55/—-0.66
Th, ppm 0.62 (1278) 10.8 (1470) 1.10 (507) 11.85 (652) 2.30 (680) 21.73 (1795)
+0.87/—0.36 +11.0/-5.5 +1.32/-0.60 +12.48/—6.08 +7.57/-1.76 +20.33/—10.51
U, ppm 0.37 (1074) 2.19 (1381) 0.67 (410) 3.30 (629) 1.34 (559) 8.58 (1529)
+0.52/—0.21 +1.60/—0.92 +0.89/—0.38 +3.06/—1.59 +4.55/—1.04 +7.63/—4.04
Numbers of determinations are shown in parentheses.
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glasss compositions normalized to the primitive man-
tle (Palme and O’Neill, 2003) versus the partition
coefficients between olivine and the basic melt esti-
mated from the experimental data. Normalization to
the composition of the primitive mantle is widely used
in geochemical studies and is informal in our case. In
currently discussed geodynamic models, the global
crustal reservoir is regarded as a product of magmatic
fractionation of the primitive mantle, and this makes
the ratio of the element contents in the mantle and
crust an important geochemical indicator (Palme and
O’Neill, 2003). The partition coefficient between oliv-
ine and the melt (D°"Melt) also serves as an important
integral parameter. Olivine is the major mantle phase
and one of leading minerals participating in fraction-
ation of basic magmas under crustal conditions. In
addition, the distribution of elements between olivine
and the melt is similar in many aspects to those of
other major silicate minerals in mafic systems (pyrox-
ene, garnet, feldspar). Therefore, the D°-Meltyalue can
be regarded as a generalized characteristic of the
degree of incompatibility of an element in mafic mag-
matic systems. The advantage of olivine as compared,
for example, to pyroxene is the simple chemical com-
position of this mineral and thus the lower variability
of DO-Melt for a specific element. Meanwhile, the
interval of partition coefficients for olivine is wider
than for other minerals, and this is also convenient for
considering chemical element behavior.

The established trends can so far be assessed as
semiquantitative. The data on contents of a certain ore
elements in natural melts are limited, and the determi-
naton of low contents may be not sufficiently exact. In
addition, the experimental data for many of the con-
sidered elements are also very limited. In particular,
for such elements as As, Ag, Cd, In, Sn, Tl, and Bi,
determinations are available only from two runs at 10
and 20 kbar (Adam and Green, 2006). Nevertheless,
the difference in geodynamic settings is rather dis-
tinctly fixed in Fig. 4.

In general, the increase in the normalized mean
contents correlates with a decrease in the DO-Melt for
all settings. This correlation indicates the important
role of mineral—melt equilibria in the balance of ore
elements. The lowest degree of element fractionation
is established for setting I (mid-ocean ridges) and VI
(backarc basins). They are characterized by growth in
the mean values with a decrease in D°"Me!t from Ni
(DO-Melt ~ 10) to Cu (DO-Melt ~ (0.1). Approximately
constant and moderate normalized concentrations are
observed for all more- incompatible elements. No
appreciable difference in the behavior of fluid-mobile
and other components has been established. This pat-
tern fits the scheme of melt formation in the course of
depleted mantle melting at comparatively low contents
of strongly incompatible elements and differentiation
of melts for a low fugacity of volatile components.
Tungsten occupies a special place and is characterized
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by depletion with respect to the primitive mantle (like
for strongly compatible Cr and Co) for a very low
DO-Melt The reason for this is not clear. The compati-
bility of tungsten during melting and crystallization
would require retention of a phase selectively concen-
trating W. Taking into account that low W contents are
a persistent feature traced in other settings (see below),
such a suggestion seems a little unlikely. It cannot be
ruled out that the W content in the primitive mantle
model is overestimated by Palme and O’Neill (2003),
so that the concentration of this element in real man-
tle material is actually much lower. Systematic ana-
lytical errors when studying glassy inclusions are also
possible.

In melts of oceanic islands (setting II), the increase
in the mean contents with a decrease in D°"Melt pro-
ceeds up to maximum incompatible elements. This is
consistent with the idea of a fertile magma source
beneath oceanic islands as compared to the depleted
mantle. Like melts in settings I and VI, W appreciably
deviates from the general trend toward low contents
and Mo toward high contents. In addition, strong
enrichment in some fluid-mobile elements (Sb, Sn,
Tl, In) is traced. This tendency becomes especially
perceptible in melts of island arcs (I11) and active con-
tinental margins (IV). Enrichment of melts pertaining
to setting I'V with respect to Au, Sb, Tl, Bi, As, and Sn
is especially significant. These elements do not reveal
a general trend to increase in normalized contents with
a decrease in DO"Melt_ Tt is evident that crystallization
of mafic magmas is not a crucial controlling process,
and transfer with the fluid phase can play a more sig-
nificant role. Similar Mo and W behavior is typical of
this setting. This change in behavior of this pair of ele-
ments is evidence that the aforementioned deviations
in settings I and II can hardly be a result of analytical
errors.

For the melts of continental magmatism (setting V), a
linear trend for moderately and highly compatible ele-
ments is combined with approximately similar enrich-
ment in all elements, for which D°-Melt < (0.005, as well
as for Au and Sb.

The probable effect of fluid mass transfer is illus-
trated by the relationship of the mean normalized ele-
ment contents depending on the average contents in
fluid inclusions (Fig. 5). The data for settings I and IV
are the most indicative (Fig. 5). These plots may be
described only in qualitative terms, because the effect
of fluids is always combined with those of melting and
crystallization; the contents of elements in solutions
and melts are also linked by a significant positive cor-
relation. In the given plots, it is important that the lack
of a correlation between the indicated parameters for
setting I is combined with the significant correlation
for setting I'V. This can be regarded as evidence for the
appreciable role of fluid transfer of incompatible ele-
ments in settings related to subduction and collision.
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Fig. 4. Mean compositions of melts from various geodynamic settings normahzed to Nprlmltwe mantle (Palme and O’Neill, 2003)

versus mean partition coefficients of elements between olivine an
age of published experimental data for pressure <50 kbar and m
(Girnis, 2003). Fluid-mobile elements characterized by high cont
tle) are marked in italic type.

As mentioned above, island arcs (I1I), active conti-
nental margins (IV), intracontinental rifts and areas of
hotspots (V) are characterized by a bimodal type of
SiO, distribution. Therefore, the mean contents of ore
elements and their consistent intervals for these set-

d basic melt (D Y). Partition coefficient values are an aver-
elts containing 45—55 wt % SiO, compiled in MELT database
ents in fluid inclusions (> 100 by normalizing to primitive man-

tings have been calculated for two intervals of SiO,
contents: 40—62 wt % and higher than 62 wt %. As fol-
lows from the presented data (Table 4), the concentra-
tions of V, Cr, Co, Ni, Cu, Zn in felsic melts are much
lower than in basic melts. Inverse concentration pro-
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Table 5. Comparison of ore element concentrations and
volatile components in basic magmatic silicate melts from
mid-ocean ridges (I) and active continental margins (IV) as
deduced from compositions of melt inclusions in minerals
and quenched glasses of volcanic rocks

Element | v
Solid
V, ppm 273 (1987) 231 (337)
Cr, ppm 309 (2445) 101 (274)
Co, ppm 44.0 (1154) 33.4 (36)
Ni, ppm 102 (1443) 38.3 (86)
Cu, ppm 75.2 (1582) 162 (188)
Zn, ppm 84.1 (1355) 92.2 (93)
Ga, ppm 17.8 (1540) 26.2 (23)
As, ppm 0.20 (366) 868 (19)
Nb, ppm 2.86 (2730) 6.11 (722)
Mo, ppm 0.63 (681) 11.8 (22)
Sn, ppm 1.02 (652) 791 (23)
Sb, ppm 0.013 (281) 34.0 (18)
Ta, ppm 0.29 (1939) 0.49 (301)
W, ppm 0.03 (721) 52.1 (16)
TI1, ppb 9.87 (598) 82.0 (22)
Pb, ppm 0.64 (1794) 4.51 (490)
Bi, ppm 0.007 (620) 17.5 (13)
Th, ppm 0.36 (2275) 1.10 (507)
U, ppm 0.09 (2176) 0.67 (410)
Volatile
H,0, wt % 0.25 (2007) 2.01 (1335)
Cl, ppm 90 (3129) 770 (2737)
S, ppm 1020 (3164) 900 (2492)

Numbers of determinations are shown in parentheses.

portions have been established for Nb, Ta, W, Pb, Th,
and U.

The concentrations of ore elements and volatile
components contained in basic silicate melts of mid-
ocean ridges (I) and active continental magins (IV) are
compared in Table 5. Only V, Cr, Co, and Ni concen-
trations in melts of mid-ocean ridges are higher than
in melts of active continental margins. All other ele-
ments are characterized by inverse proportions. Melts
of active continental margins are also enriched in
water as compared to melts of oceanic islands (2.0 and
0.25 wt %, respectively) and in chlorine (770 and 90 ppm,
respectively).

The links between (i) various ore deposits, (ii)
igneous rocks with which they are associated, and (iii)
geotectonic settings where they formed are of the con-
stant interest primarily because the revelation of these
links makes it possible to define important empirical
criteria for forecasting and prospecting economic
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Fig. 5. Covariations of mean contents of ore elements in
melts and fluids in settings I and IV. Plot shows apprecia-
bly increasing correlation by transition of settings related to
melting of depleted mantle to settings where recycling of
crustal material plays significant role.

mineralization and to specify targets and territories of
works.

One such criterion can be the degree of relative
enrichment of magmatic melts in certain ore elements.
In order to estimate such a degree for each of thegeo-
dynamic settings considered in this paper, the concen-
tration coefficients (Cc) have been calculated using
the data collected in Table 3. We define Cc as theratio
of the mean content of an element in a certain setting
to the mean content of this element in all settings (X in
Table 3). The Cc values are shown in Table 6. Ga, Ge,
Cd, In, and T1 have been excluded from consideration,
because they commonly do not make up large self-
dependent accumulations in the Earth’s crust and are
commonly dispersed in minerals from ore deposits.

Three groups (associations) of chemical elements
are distinguished by Cc values in Table 6. They are
characterized by (1) slight relative enrichment of the
magmatic melt (Cc = 1-2, light type); (2) substantial
enrichment (Cc > 2, boldface), and (3) depletion
(Cc < 1, italics). These associations reveal a similar
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Table 6. Concentration coefficient (Cc) of ore elements in
magmatic melts accommodated in main terrestrial geody-
namic settings

Geodynamic setting

Element

| 11 111 v \% VI
\% 1.1 1.1 0.6 0.9 004 | 1.1
Cr 1.2 1.2 02 0.2 0.9 1.1
Co 1.1 1.1 0.3 0.6 0.1 0.1
Ni 1.1 1.4 0.1 0.4 0.5 0.8
Cu 1.1 1.4 0.6 0.6 0.3 1.2
Zn 1.1 1.6 0.7 0.6 0.9 1.1
Pb 0.3 0.4 4.3 4.6 12 0.5
Bi 0.1 0.3 0.6 |150 19 0.3
Au 0.6 - 1.6 |32 42 1.3
Ag 0.8 0.9 1.2 5.7 6.8 1.3
Mo 0.4 33 0.9 4.6 2.8 0.3
w 0.1 0.6 1.0 |126 11 0.1
Sn 0.3 1.5 03 |12 4.6 0.3
Sb 0.1 0.5 0.6 |164 3.8 0.2
As 0.1 0.5 1.2 |73 7.7 0.5
Ta 0.4 1.4 0.7 1.2 5.9 0.1
Nb 0.4 1.9 0.5 1.2 6.0 0.2
Th 0.02 0.6 0.8 1.5 6.5 0.3
U 0.1 0.6 1.3 1.6 5.5 0.4

Slightly enriched values (Cc = 1—2) are in light type; substantially
enriched values (Cc > 2) are boldfaced, and relatively depleted
values (Cc < 1) are italicized.

behavior in various geodynamic settings and can be
regarded as indicators of their potential productivity
with respect to the given metals.

The first of these associations (V, Cr, Co, Ni, Cu,
and Zn) is typical of magmatic melts occurring in set-
ting I (oceanic ridges) and II (oceanic islands) with
alkali basalts commonly related to mantle plumes and
hotspots. A similar association, except for Co and Ni,
has been also established for melts of backarc basins
(setting VI, Table 6). In general, depletion in Pb, Bi,
Au, Ag, Mo, W, Sn, Sb, As, Ta, Nb, Th, and U (Cc < 1)
is inherent to magmas of these settings. Some exclu-
sions, however, are also known: a slight enrichment of
melts in Mo, Sn, Ta, and Nb has been established in
setting 11, and Au and Ag in setting VI.

Island-arc magmatic melts (setting I1I) are charac-
terized by Pb, Au, As, and U, which generally corre-
spond to the geochemical profiles of porphyry and
epithermal families.

The most extensive and striking geochemical asso-
ciation is typical of magmatic melts at active continen-
tal margins (IV) and of intracontinental rifts (V). This
association is represented by a group of elements (Pb,
Bi, Au, Ag, Mo, W, Sn, Sb, As, Ta, Nb, Th, and U),
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which are characteristic of nonferrous, noble, rare,
and radioactive ores formed in the above settings. The
almost complete identity of metal contents in mag-
matic melts at active continental margins and zones of
intracontinental rifts (settings IV and V) is noteworthy.
They differ only in higher Bi, Mo, W, Sn, Sb, and As
concentrations in setting IV, and Pb, Au, Ag, Ta, Nb,
Th, and U in setting V (Table 6).
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