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INTRODUCTION

In our earlier publication [1], we have utilized our
database (which contained then data compiled from
more than 17500 publications on fluid and melt inclu�
sions) to summarize evaluation of principal physico�
chemical parameters of natural mineral�forming fluids:
their temperature, pressure, density, salinity of the
aqueous solutions, and the gas composition of fluids.
Fluids involved in magmatic, metamorphic, hydrother�
mal, and sedimentary processes exhibit broad ranges of
their temperature (20–1300°C) and pressures (1–
21000 bar). We have calculated the frequency of occur�
rence of temperature and salinity values of hydrother�
mal fluids at 20–1000°C and negative�80 wt % equiv.
NaCl and the temperature and density values of these
fluids within the ranges of 20–1000°C and 0.01–
1.90 g/cm3. The average composition of the gas phase of
natural fluids was evaluated based on more than 3000
individual analyses of inclusions (analyzed by Raman

spectroscopy, a technique conventionally most com�
monly applied to analyze fluid inclusions).

The task of our later study was to synthesize data on
the major physicochemical parameters of mineral�
forming fluids that were involved in the generation of
hydrothermal deposits of various elements (Au, Ag, Sn,
W, Mo, Be, Cu, Zn, Pb, Sb, Co, Ni, As, Ba, U, and Hg
and deposits of fluorite and Iceland spar. These reviews
were made based on our database on fluid and melt
inclusions in minerals, which was compiled in 1964 and
was continuously updated afterward. The principle of
database updating is described in detail in [1, 2]. Physi�
cochemical parameters of fluids at deposits and occur�
rences of Sn and W [3] and Au, Ag, Pb, and Zn [4] min�
erals were discussed in our later publications on the
basis of data from the database (which then comprised
information borrowed from more than 18500 publica�
tions). In addition to temperatures, pressures, salinity,
and density of fluid, the aforementioned papers pre�
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sented data on the concentrations of these elements in
magmatic silicate melts and mineral�forming fluids.

This paper is a review of currently available informa�
tion (borrowed from more than 70 publications) on the
principal physicochemical parameters of natural fluids
that have produced U deposits. This summary includes
our extensive original data on fluid inclusions in miner�
als from U deposits. We have studied 227 samples from
20 U deposits. Some of these data have been reported in
our first review (published in 1969) of the temperatures
and pressures at which hydrothermal U deposits are
formed [5]. Note that herein we discuss only the general
characteristics of fluids at U deposits, regardless of their
affiliation with certain types of ore associations distin�
guished by geologists. For example, several classifica�
tions of U deposits were suggested based on various fea�
tures of these deposits employed as criteria in corre�
sponding systematics. We do not touch upon any issues
concerning the sources of U, its speciation and circum�
stances of its transport, and the reasons for and mecha�
nisms of ore deposition.

The representativeness of the information on
U deposits is reflected in Table 1. In the course of our
research, we have obtained more than 1200 temperature
values of mineral�forming fluids, only 32 values of their
pressure, 941 values of their salinity, and 130 analyses of
the gas composition of the fluids. Our original data
make up 17% of all measured values of fluid tempera�

tures, 56% of the pressure values, 3% of the salinity val�
ues, and 17% of the gas compositions. Physicochemical
parameters of fluids were determined at 90 U deposits
and occurrences worldwide. It can be seen that studies
of parameters of mineral�forming fluids were launched
as late as the 1960s, and U deposits were most intensely
studied in the 21st century.

Table 2 summarizes (in chronological order) all
available literature data on the ranges of physicochemi�
cal parameters (temperature, pressure, and salinity) of
fluids at U deposits and occurrences derived from data
on fluid inclusions. Our original data on these parame�
ters are presented in Table 3 (in which the minerals in
which fluid inclusion were studied and the numbers of
measurements are also specified). Below we success�
fully discuss data obtained by various researchers on
certain parameters of mineral�forming fluids at
U deposits.

TEMPERATURE 
OF MINERAL�FORMING FLUIDS

Minerals from U deposits most commonly contain
two�phase gas–liquid inclusions. When heated, they
homogenize into liquid at temperatures below 300°C,
which suggests that the inclusions contain relatively
dense aqueous solutions. Figures 1 and 2 display micro�
graphs of such inclusions at room temperature in vari�
ous minerals. At certain deposits (for example, Zhel�

Table 1. Number of publications (by year) on the physicochemical parameters of natural fluids determined by studying in�
clusions in minerals from U deposits

Period of time Number 
of publications

Number of measured values

temperature pressure salinity gas composition

1950–1959 1 1 – – –

1960–1969 4 188 13 5 19

1970–1979 16 134 6 60 1

1980–1989 15 55 3 47 29

1990–1999 10 209 – 193 23

2000–2012 26 651 10 636 58

1950–2012 72 1238 32 941 130

Fig. 1. Fluid inclusions in minerals from U deposits in Russia, Ukraine, and Kazakhstan.
(a–c) Druzhnoe deposit, Aldan, Russia (a, b—quartz, c—barite; homogenization temperatures Th: a—245°C, b—210°C, c—
238°C); (d–f) Strel’tsovskoe deposit, Transbaikalia, Russia (d—sphalerite, e—fluorite, f—barite, Th = 184°C (d), 150°C (e),
and 149°C (f)]; (g) Lastochka deposit, Far East, Russia (fluorite, Th = 152°C, C = 4.7 wt % equiv. NaCl); (h) Zheltorechenskoe
deposit, Ukraine (calcite, Th = 168°C); (i–l) Molodezhnoe deposit, Kazakhstan (i–k)—calcite, Th = 183°C (i), 179°C (j),
182°C (k), C = 6.9 wt % equiv. NaCl; (l)—quartz, Th = 153°C, C = 9.1 wt % equiv. NaCl).
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Table 2. Range of physicochemical parameters of fluids at U deposits determined by studying inclusions in minerals (liter�
ature data)

Deposit, region Ore elements
Range of parameters Refe�

rencesT, °C P, bar C, wt %

Tyuya�Muyun, Alai Range, S. Kirgizia U, V 74–190 – – [6]

Strel'tsovskoe, Transbaikalia, Russia U 125–175 – – [7]

Siberia, Russia U 210–250 – – [8]

Tyuya�Muyun, Alai Range, S. Kirgizia U, V 140–160 – – [9]

Orphan, Grand Canyon, Arizona, USA U 45–124 – – [10]

Ukraine U 120–490 – – [11]

Strel'tsovskoe, Transbaikalia, Russia U 60–155 600–860 – [12]

Echo Bay, Canada U, Ni, Ag, Cu 120–160 – – [13]

Bois Noirs�Limoazat, Forez, France U 98–100 – 16.0–20.0 [14]

Rabbit Lake, Atabaska, Canada U 92–145 – – [15]

Ukraine U 130–400 – – [16]

Rabbit Lake, Atabaska, Canada U 130–160 700 28.0–30.0 [17]

Bois Noirs�Limoazat, Forez, France U 40–350 – 1.0–25.0 [18]

Margnac and Fanay, France U 45–107 – 1.9–2.0 [19]

Oklo, Gabon, Africa U 111–440 – 2.6–25.5 [20]

Chateau�Lambert, S.Vosges, France Cu, Mo, Ag, U 110–430 – 0.1–27.5 [21]

Ceara Precambrian, Brazil U 108–117 19.8–25.0 [22]

Mistamisk Valley of the Labrador Trough, Quebec, Canada U 325 2500 40.0 [23]

Schwartzwalder, Colorado, USA U 75–165 – 3.0–19.0 [24]

North Canning, Owl Creek Mountains, Wyoming, USA U 123–149 350 – [25]

Ukraine U 120–250 – – [26]

Oklo, Gabon, Africa U 86–150 – 8.3–35.0 [27]

Northern Arizona, USA U, Cu 80–173 – 10.1–17.5 [28]

Mary Kathleen, Queensland, Australia U, REE 400–600 – – [29]

La Lauzier, Alps U 180–245 – 8.0–19.6 [30]

Mohave County, Arizona, USA U 104 – 9.9–16.4 [31]

Akouta, Nigeria, Africa U 80–145 – 0.9–23.0 [32]

Slick Rock district., Colorado, USA U, V 85–90 – 0.1–17.8 [33]

Cottonwood Wash, Utah, USA U, V 90 – – [33]

Oklo, Gabon, Africa U 113–155 – 2.6–6.4 [34]

Oklo, Gabon, Africa U 112–132 – 25–33 [34]

Rabbit Lake, Saskatchewan, Canada U 92–182 – 1.4–5.7 [34]

Cluff Lake, Saskatchewan, Canada U 90–380 – 0.5–18.0 [34]

Cottonwood Wash, Utah, USA U, V 100 – 2.1–8.5 [35]

Pribram, Bohemian Massif, Czechia U 65–130 – 3.0 [36]

Rozna, Bohemian Massif, Czechia U 100 – 2.0 [36]

Olympic Dam, Australia Cu, U, Au, Ag 110–420 – 6.6–42.0 [37]

Akouta, Nigeria, Africa U 85–175 – 8.0–23.0 [38]

Lodeve, France U 95–110 – 22.4–28.0 [38]

Oklo, Gabon, Africa U 112 – 19.5–40.0 [38]

Coronation Hill, Australia Au, Pt, Pd, U 85–313 – 0.3–33.9 [39]

Capitan Mountains, New Mexico, USA Th, U, REE 110–650 – 10.6–83.6 [40]

Athabasca Basin, Saskatchewan, Canada U 30–280 – – [41]
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Table 2. (Contd.)

Deposit, region Ore elements
Range of parameters Refe�

rencesT, °C P, bar C, wt %

El'kon district, Aldan Shield, Russia U 200–230 – – [42]

Bernardan, France U 54–360 – – [43]

Oklo, Gabon, Africa U 160–468 – 0.2–17.8 [44]

Marysvale field, Utah, USA U, Mo 113–272 – 0.1–2.1 [45]

Witwatersrand Basin, Southern Africa Au, U 120–280 – 5.0–30.0 [46]

Kanimansur, Tajikistan Ag, Pb, U, Cu, 
Zn, Bi

100–300 – 1.0–30.0 [47]

Malinovskoe, Kemerovskaya oblast, Russia U 126–226 – 12.7–30.5 [48]

Lambapur�Peddagattu area, Andhra Pradesh, India U 140–240 – 1.0–18.0 [49]

Sanerlin, Southern China U 152–280 – 6.4–11.6 [50]

Witwatersrand conglomerates, Southern.Africa Au, U 83–162 – 0.1–10.0 [51]

McArthur River, Saskatchewan, Canada U 90–270 – – [52]

Kombolgie sandstones, Australia U 87–240 875–1375 0.1–35.0 [53]

Karku, northern Ladoga area, Russia U 87–261 – 0.4–42.7 [54]

McArthur River, Saskatchewan, Canada U 170–235 400–1200 36.0–40.0 [55]

Southern McArthur basin, Northern Australia U, Zn, Pb 83–230 – 0.1–30.9 [56]

Oak Dam East, Olympic Dam region, Southern Australia Fe, Cu, Au, U 93–495 – 1.2–53.1 [57]

Alligator River Uranium Field, Australia U 97–157 – 5.5–25.6 [58]

Oklo, Gabon, Africa U 115–200 – 0.1–21.0 [59]

Zaohuohao area, Northern Ordos Basin, China U 90–190 – – [60]

Southern China U 150–250 – 1.3–8.9 [61]

Zalesi, Bohemian Massif, Czech Republic U, Ni, Co, As, Ag, 
Bi

50–200 – 0.1–28.5 [62]

Rozna, Bohemian Massif, Czech Republic U 107–206 – 0.5–25.3 [63]

Ordos Basin, NW China U 79–193 – 0.4–16.3 [64]

Ordos Basin, NW China U 58–176 – – [65]

Eva, Northern Australia U 99–322 – 0.9–13.4 [66]

Jexson Pit, Northern Australia U 99–322 – 0.9–14.4 [66]

Athabasca Basin, Canada U 56–197 – 13.2–53.8 [67]

Novokonstantynivka, Central Ukraina U 110–332 1600–2000 4.5–20.8 [68]

McArthur, Athabasca Basin, Saskatchewan, Canada U 200–220 – 26.5–33.0 [69]

Bleilersgrund, Schwarzwald, SW Germany Ag, Bi, Co, Ni, U 55–193 – 3.5–4.0 [70]

Emanuel, Schwarzwald, SW Germany Ag, Bi, Co, Ni, U 58–132 – 15.0–19.5 [70]

Fluorspar, Schwarzwald, SW Germany Ag, Bi, Co, Ni, U 60–150 – 10.0 [70]

Sophia, Schwarzwald, SW Germany Ag, Bi, Co, Ni, U 60–390 – 1.7–24.5 [70]

Athabasca Basin, Canada U 110–120 – 25–35 [71]

Rabbit Lake, Atabaska, Canada U 122–222 – 27.3–29.7 [72]

C, wt % is the salinity of solution in wt % equiv. NaCl.
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Table 3. Ranges of physicochemical parameter of fluids at U deposits determined by studying inclusion in minerals (our data)

Deposit, region Mineral
Ranges of parameters

T, °C P, bar C, wt %

Zheltorechenskoe, Ukraine Quartz (10) 230–350 1250–2300 –

'' Dolomite (3) 155–248 900–950 –

'' Calcite (3) 125–230 1250 –

Michurinskoe, Ukraine Quartz (2) 240–250 1250–1360 –

'' Calcite (1) 142–147 – –

Druzhnoe, Aldan, Russia Quartz (5) 170–284 – 10.3

'' Barite (1) 230–265 – –

'' Anhydrite (4) 185–230 340–700 –

'' Calcite (3) 100–255 – –

'' Fluorite (2) 95–193 – 5.9

Vostok, Kazakhstan Quartz (4) 98–166 – –

'' Calcite (2) 124–155 – –

Grachevskoe, Kazakhstan Calcite (2) 228–243 – –

Dergachevskoe, Kazakhstan Calcite (1) 170–190 – –

Ishim, Kazakhstan Calcite (4) 72–171 – –

'' Sphalerite (1) 110–130 – –

Molodezhnoe, Kazakhstan Axinite (1) 195–220 – 18.0

'' Quartz (5) 146–220 – 6.2–9.1

'' Calcite (4) 136–193 – 3.1–10.2

Strel'tsovskoe, Transbaikalia, Quartz (4) 142–226 320–670 –

Russia Ankerite (3) 179–205 – –

'' Sphalerite (3) 172–214 – 7.5

'' Barite (2) 149–176 – –

'' Fluorite (15) 120–179 – –

'' Calcite (5) 58–177 – –

'' Whewellite (1) 125–145 600–860 –

Dosatuiskoe, Transbaikalia Fluorite (3) 150–191 – –

Lastochka, Far East, Russia Calcite (2) 187–197 – –

Russia Fluorite (3) 152–215 – –

Schlema Alberoda, Germany Quartz I (6) 280–320 480 –

'' Quartz II (3) 131–218 – 7.0

'' Sphalerite (3) 92–269 – –

'' Ankerite (7) 114–156 – 25.1

'' Dolomite (3) 110–145 – –

'' Siderite (10) 92–137 – 23.9

'' Calcite (17) 30–148 – 20.0–28.0

'' Fluorite (12) 95–230 – –

'' Proustite (1) 40 – –

'' Apophyllite (1) 40–80 – –

'' Whewellite (1) 40 – –

'' Barite (2) 40 – –

Annaberg, Germany Fluorite (3) 110–230 – –
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Table 3. (Contd.)

Deposit, region Mineral
Ranges of parameters

T, °C P, bar C, wt %

Zobes, Germany Calcite (1) 123–135 – –

'' Fluorite (5) 95–195 – –

Teleheuser, Germany Fluorite (9) 86–204 – –

Schneeberg, Germany Sphalerite (1) 235–275 – 9.2–10.1

'' Quartz (1) 150–160 – –

'' Calcite(1) 104–143 – 27.5

'' Anhydrite (1) 40 – –

Pribram, Czech Republic Fluorite (10) 125–160 – –

'' Calcite (2) 35–60 –

Katta sai, Uzbekistan Quartz (2) 234–258 490 6.4

'' Sphalerite (4) 90–146 – 7.3–9.0

'' Fluorite (3) 120–250 – –

Chauli, Uzbekistan Fluorite (2) 210–268 – 4.2–14.0

'' Sphalerite (1) 102–112 – 14.0

'' Calcite (2) 112–171 – 0.3

'' Fluorite (1) 102–112 – –

Dakhovskoe, Northern Caucasus, Quartz (1) 168–170 – –

Russia Fluorite (2) 80–92 – –

'' Ankerite (7) 60–96 – –

'' Calcite (3) 44–70 – –

Numerals in parentheses specify the number of studied samples; C, wt % is the salinity of solution in wt % equiv. NaCl.

torecehnskoe in Ukraine, Kata Sai in Uzbekistan,
Druzhnoe in the Aldan Shield, and Strel’tsovskoe in
Transbaikalia), quartz, anhydrite, and whewellite some�
times contain three�phase fluid inclusions consisting of
aqueous solution, liquid carbon dioxide, and a gas
phase. Their micrographs are presented in Fig. 3.

Figure 4 shows histograms of the homogenization
temperatures of fluid inclusions in the most typical
minerals at U deposits: quartz, fluorite, and calcite.
Although the overall temperature range is broad, from
low temperatures to 500°C, most of the measured val�
ues lie within a narrow range of 100–200°C. Table 4
summarizes data on the frequency of occurrence (in %)
of temperature values within the range of 20–500°C

and salinity values within the range of 0.1–50 wt % for
hydrothermal mineral�forming fluids at U deposits. As
can be seen in the table, 67% of the measured tempera�
ture values (937 individual measurements) fall within
the range of 100–200°C.

Figure 5 summarizes representative enough data on
the homogenization temperatures of fluid inclusions at
U deposits (Fig. 5a, 1238 measured values), W deposits
(Fig. 5b, 3538 measured values), and Sn deposits
(Fig. 5c, 3292 measured values). As can be seen from
these data, the temperatures at U deposits are remark�
ably lower. This feature, which distinguishes U deposits
from deposits of other elements, is reflected in data of
Table 5. The temperature range of 100–200°C includes
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Fig. 3. Fluid inclusions with liquid CO2 in minerals from U deposits in Ukraine, Russia, and Uzbekistan.
(a, b) Zheltorecehnskoe deposit, Ukraine (a—inclusion in quartz at +11°C, b—inclusion in quartz at ⎯5°C); (c–e)
Strel’tsovskoe deposit, Transbaikalia, Russia (c—quartz, temperature of partial homogenization into liquid is +31°C; d, e—
whewellite, d—partial homogenization temperature is +11°C, e—Th = 130°C); (f) Druzhnoe deposit, Aldan, Russia (inclusion
in anhydrite); (g) Katta�Sai deposit, Uzbekistan (inclusion in quartz).

Fig. 2. Fluid inclusions in minerals from U deposits in Uzbekistan and Germany.
(a–c) Kata Sai deposit, Uzbekistan (a, b—quartz, c—sphalerite, Th: a—245°C, b—245°C, C = 6.4 wt % equiv. NaCl, c—
238°C); (d–f) Chauli deposit, Uzbekistan (d—fluorite, Th = 210°C, C = 14.0 wt % equiv. NaCl; e—calcite, Th = 158°C, C =
0.9 wt % equiv. NaCl; f—sphalerite, Th = 110°C); (g–j) Schlema deposit, Germany (g—fluorite, Th = 158°C; h—calcite, Th =
122°C, i—siderite, Th = 110°C; j—calcite, Th = 109°C); K—Schneeberg deposit, calcite, Th = 128°C, C = 27.5 wt % equiv.
NaCl.
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Fig. 4. Histograms of the homogenization temperatures of
fluid inclusions in minerals from U deposits.
(a) Quartz, (b) fluorite, (c) calcite; n—number of mea�
sured values.

67% of all measured values for U deposits, 42% for
base�metal deposits, 29% for Au–Ag deposits, and as
little as 15% for W and Sn deposits.

PRESSURE OF MINERAL�FORMING FLUIDS

In contrast to fairly representative data on the tem�
perature of fluids that produced U deposits, data on
their pressure are relatively scarce. The 32 individual
measured values are presented in Tables 2 and 3 and in
Fig. 6. It is nevertheless obvious that fluid pressure was
principally different at U deposits of different types.
High pressure values of 900 to 2300 bar were deter�
mined at deposits in Ukraine (Zheltorechenskoe,
Michurinskoe, and Novokonstantinovka). Equally high
pressures (700–2500 bar) were detected at deposits in
Canada [17, 23, 55] and Australia [53]. Intermediate
pressure values of 300–800 bar were determined at
other deposits ([25] and the Druzhnoe and
Strel’tsovskoe deposits in Russia, Kata�Sai in Uzbeki�
stan, and Schlema in Germany). We cannot rule out
that fluid at some other deposits could have been under
even lower pressures, but these cannot be determined in
the absence of suitable techniques. It follows from Fig. 6
that the highest temperatures are correlated with the
highest fluid pressures.

SALINITY AND DENSITY 
OF MINERAL�FORMING FLUIDS

Studying fluid inclusions in minerals offers a
straightforward and reliable approach to determining
the chemical composition, salinity, and density of min�
eral�forming fluids. Similar to data on fluid tempera�
tures, much information is now accumulated on the
salinity of naturally occurring fluids at U deposits
throughout the world (Tables 2, 3). These data are sum�
marized in Fig. 7, which shows a histogram of fluid
salinity (Fig. 7a) and a correlation between fluid salinity
and fluid temperature (Fig. 7b). Most of individual
measured values are <10 wt % equiv. NaCl, and several
values also lie within the range of 10–30 wt % equiv.
NaCl. Table 4 reports the calculated frequency of
occurrence of (in %) of temperature and salinity values
of hydrothermal fluids at 20–500°C and 0.1–50 wt %
equiv. NaCl. As was mentioned above, most measured
values fall within the range of 0.1–0.5 wt % equiv. NaCl
(28.7% of 937 measured values) and the next range of 5–
10 wt % equiv. NaCl (20.7%). However, high salinity
values (10–30 wt % equiv. NaCl) are typical of U deposits
and account for 42% of all measurements. Table 5 shows
differences between U deposits and deposits of other ore
elements. The salinity range of 10–30 wt % equiv. NaCl
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includes 42% of the measured values for U deposits
(937 individual measurements), 27% for Au–Ag depos�
its (10 237 measurements), 27% for Wdeposits
(2333 measurements), and 25% for Sn deposits
(1981 measurements).

The relatively low temperatures of fluid at U deposits
and the high salinity of this fluid testify that the solu�
tions had a high density. Table 6 demonstrates the fre�
quencies of occurrence (in %) calculated for the tem�
perature and density values of hydrothermal fluids
within the ranges of 20–500°C and 0.2–1.4 g/cm3.
These data indicate that 94% of all of the measured val�
ues lie within the range of 0.8–1.2 g/cm3.

GAS COMPOSITION 
OF MINERAL�FORMING FLUIDS

Data on the composition of fluid inclusions at
U deposits are not as abundant as data on fluids at
deposits of other elements, largely because the former
deposits contain relatively few minerals suitable for
studying fluid inclusions in them. However, even infor�
mation compiled from the scarce publications allowed
us to derive important conclusions on the circum�
stances of U transportation and deposition. For exam�
ple, complex carbonate compounds of hexavalent U are
now thought to largely control U migration, the gas
constituents of fluid inclusions were first of all analyzed
for carbon dioxide [73, 74].

Analysis of variations in СО2 concentrations during
the processes that have produced pitchblende–carbon�
ate veins at the Erzgebirge shows that systematic
changes in the vein minerals (quartz–pitchblende–cal�
cite) have been associated with a decrease in the
СО2 concentration from 100 g/kg of Н2О to 3–5 g/kg of
H2O. Pitchblende crystallization was associated with a
continuous decrease in the carbon dioxide concentra�
tion of the solution, which reached a minimum after the
ore deposition stage [73]. Carbon dioxide could be
removed in two manners. The host rocks of the deep�
sitting metasomatites could consume much carbon
dioxide to form carbonates. At shallower depths, carbon
dioxide was removed from the ore�forming solutions
during their boiling when the pressure in the mineral�
ized zone dropped.

The presence of СО2 is not specific of U�bearing flu�
ids. For example, four fluid types were distinguished in
[46] in the Witwatersrand Basin, with the fluids evolving
from early H2O to Н2О–СО2, then to Н2О–СН4–СО2,
and eventually to СН4–N2. The latest multicomponent
and multiphase fluids contained discernible concentra�
tions of С2Н6, С3Н8, and Н2S. Table 7 reports Raman
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spectroscopic analyses of the fluids, which are in rea�
sonable agreement with microthermometric data.
These results testify that fluid was trapped in minerals in
several episodes, and the evolutionary history of the
Witwatersrand Basin was complicated.

The very first studies of fluid inclusions have
detected Н2S in the mineral�forming fluids, with this
component detected first by cryometric techniques and
then by direct analysis [75]. The wide application of
Raman spectroscopy made such analyses usual, and
information thus obtained testifies that hydrogen sul�
fide is widely involved in hydrothermal mineral�form�
ing processes, including those generating U mineraliza�
tion. When quartz from Witwatersrand [76] was studied,
inclusions with high�density H2S (0.79–0.81 g/cm3)
were found in this mineral. Quartz from mineralized
veins in northern Kazakhstan was found out to contain
inclusions of diverse types: pure H2S (0.80 g/cm3 in
density), pure CO2 (0.76–0.99 g/cm3), and their mixes,
which suggests that the fluids of the ore�forming hydro�
thermal systems may have originated from various
sources [76].

When studying three Precambrian U deposits: Oklo
in Gabon and Rabbit lake and Cluff Lake in
Saskatchewan, Canada, Dubessy et al. [34] revealed an
unusual composition of fluid inclusions by applying
Raman spectroscopy (Table 8). Quartz samples from
the natural nuclear reactor zone or its close vicinity at

the Oklo deposit contained up to 100% H2S, sometimes
with traces of СН4, in the anhydrous phase. Quartz near
pitchblende from the Rabbit and Cluff deposits was
proved to contain 79–99% O2 in the gas phase, and the
O2/H2 ratio of inclusions in it varied from 4 to 470,
regardless of the volume proportions of the phases.
These variations could occur when the inclusions were
captured or result from variable hydrogen losses became
of its high volatility. The actual reasons for these varia�
tions at these deposits, as several other uncertain issues,
still await their elucidation.

The close spatial association of these unusual fluids
with U ore mineralization suggest that it could result
from water radiolysis. The process of water radiolysis in
quartz from the Oklo deposit was later studied in much
detail in [44]. It was demonstrated how much radiolysis
in the presence of organic matter is able to modify local
redox potential in natural nuclear reactor zones. The
high effectiveness of radiochemical reactions suggests
that radiolysis of water and/or organic matter may
strongly affect processes generating fluids that can pro�
duce high U concentrations.

Samples of vein quartz and breccia collected in the
vicinity of U ore and 50 m away from it at the McArthur
River unconformity�type uranium deposit in
Saskatchewan, Canada, were studied by Raman spec�
troscopy [52] to trace the redistribution of gas compo�
nents with increasing distance from the orebody

Table 4. Frequency of occurrence (%) of temperature and salinity values of hydrothermal mineral�forming fluids within
the ranges of 20–500°C and 0.1–50 wt % equiv. NaCl at U deposits (based on 937 individual analyses)

Salinity, wt %
Temperature, °C

20–100 100–200 200–300 300–400 400–500 20–500

0.1–5 2.7 20.6 4.6 0.8 – 28.7

5–10 1.4 13.0 5.0 1.1 0.3 20.7

10–15 0.9 8.7 1.3 0.7 0.2 11.8

15–20 1.4 6.2 1.3 0.3 0.1 9.3

20–25 1.4 9.2 0.8 0.1 – 11.5

25–30 0.7 6.3 2.2 – 0.1 9.2

30–35 0.2 2.4 2.5 0.3 0.1 5.5

35–40 0.2 0.7 0.2 – – 1.2

40–45 – 0.3 0.2 0.4 0.1 1.1

45–50 – 0.1 0.2 0.1 0.6 1.0

0.1–50 8.9 67.5 18.3 3.8 1.5 100.0
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(Table 9) and identify possible Н2 and О2 sources in the gas
phase of the fluid inclusions. The authors have analyzed
four scenarios explaining the presence of Н2 and О2 and
concluded that the most probable scenario is heteroge�
neous entrapment of radiolysis products by fluid inclu�
sions near U deposits. The further evolution of the gases
was controlled by their different migration. The drastic
decrease in the О2 content in the inclusions away from
the orebody may be explained by O2 spending on the
oxidation of the host rocks [44], as follows from the fact
that hematite is often found near pitchblende accumu�
lations.

The extremely high volatility of Н2 [34] makes it
possible to reliably identify this gas in fluid inclusions at
a distance from the U mineralization, and this can be
used as a prospecting guide [52].

Extensive data on the composition of fluid inclu�
sions in minerals at U deposits calls for their study in
order to elucidate, after critical discussions, models for
the genesis of and exploration for these deposits.

URANIUM CONCENTRATIONS IN NATURAL 
MAGMATIC MELTS AND FLUIDS

As was mentioned above, our database is composed
of published data on fluid and melt inclusions. The
database of concentrations of various elements in melt
inclusions in minerals and in chilled glass of volcanic
rocks now comprises more than 800 000 analyses for
74 elements [77]. The database on concentrations of ele�
ments in fluid inclusions in minerals consists of more
than 48000 analyses for 72 elements. This provided us

with the opportunity to estimate U concentrations in
magmatic silicate melts and to compare these values
with U concentration in fluids. To evaluate the average
concentrations, we have preparatorily analyzed the type
of their distribution. The latter was proved to be lognor�
mal (Fig. 8), similar to the distributions of other ele�
ments, including volatiles and rare elements, we have
determined earlier [77]. Because of this, the most prob�
able values of the average U concentrations were
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Fig. 6. Temperature and pressure values determined by
studying fluid inclusions in minerals from U deposits.
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Fig. 7. Salinity of mineral�forming solutions at U deposits.
(a) Histogram of the salinity of mineral�forming solutions;
(b) temperature and salinity of mineral�forming solutions;
n is the number of measured values.
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Table 5. Frequency of occurrence (%) of temperature and salinity values of hydrothermal mineral�forming fluids within
the ranges of 20–500°C and 0.1–50 wt % equiv. NaCl at deposits of various elements

Range U (937) Pb, Zn (6459) Au, Ag (10237) W (2333) Sn (1981)

Temperature

20–100 8.9 9.6 2.5 1.2 0.4

100–200 67.5 41.8 29.3 15.1 14.6

200–300 18.3 33.4 42.4 36.9 33.9

300–400 3.8 13.1 21.5 37.6 38.7

400–500 1.5 2.1 4.3 9.2 12.4

Salinity

0.1–10 49.4 48.1 64.5 62.8 62.0

10–20 21.1 25.0 18.5 21.3 16.5

20–30 20.7 21.8 8.4 6.2 8.8

30–40 6.7 4.2 5.9 6.3 9.7

40–50 2.1 0.9 2.7 3.4 3.0

Numerals in parentheses specify the numbers of measured values.

Table 6. Frequency of occurrence (%) of temperature and density values of hydrothermal mineral�forming fluids within
the ranges of 20–500°C and 0.2–1.4 g/cm3 at U deposits (based on 937 individual analyses)

Density, g/cm3

Temperature, °C

20–100 100–200 200–300 300–400 400–500 20–500

0.2–0.4 – – – – 0.1 0.1

0.4–0.6 – – – 0.4 0.2 0.6

0.6–0.8 – – 0.8 1.6 0.3 2.7

0.8–1.0 1.3 34.1 11.0 1.0 0.3 47.7

1.0–1.2 6.9 31.3 6.2 0.6 1.1 46.1

1.2–1.4 0.5 1.5 0.2 0.5 0.1 2.8

0.2–1.4 8.7 66.9 18.2 4.1 2.1 100.0

assumed as the arithmetic mean values of their loga�
rithms, i.e., geometric mean values. We have also calcu�
lated the confidence ranges corresponding to 0.95 con�
fidence probability, and these values are represented in
a natural form for convenience (the numeral before the
virgule corresponds to the average plus and the numeral
after it shows the average minus).

The geometric average U concentration of silicate
melts (based on the data of 8053 individual analyses) is

0.92 ppm (+6.37/–0.80), and the average U concentra�
tion of hydrothermal fluids (271 individual analyses) is
1.21 ppm (+20.24/–1.14). Uranium concentrations in
melts significantly vary with their silicity (Table 10). The
average U concentration in mafic melts (SiO2 = 40–
54 wt %) is 0.29 ppm, whereas silicic melts contain
16 times more U: 4.64 ppm.

In addition to mean U concentrations in melts and
fluids, it is interesting to discuss the maximum U con�
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Table 7. Raman spectroscopic analyses of fluid inclusions in
quartz from Witwatersrand, South Africa [46]

Sample H2O CO2 CH4 N2 H2S

1 97.50 0.77 0.27 0.00 0.00

2 92.86 5.24 0.00 0.00 0.00

3 91.74 4.13 0.00 0.00 0.00

4 83.69 14.79 0.00 0.00 0.00

5 0.00 9.36 79.36 10.66 0.60

6 38.94 6.16 48.11 6.45 0.36

Table 8. Composition of the gas phase of fluid inclusions in
quartz form U deposits [34]

n H2 O2 CO2 CH4 N2

Oklo
5 >99.6 0 0 <0.4 0
2 100 0 0 0 0
1 100 0 0 0 0
1 31 0 69 0 0
2 100 0 0 0 0

 Rabbit lake
11 4.5 94.5 0 0 0

Cluff Lake
3 10 90 0 0 0

n is the number of measured values.

Table 9. Variations in the composition of the gas phase of fluid inclusions with increasing distance from the orebody [52]

Distance n CO2 CH4 C2H6 H2 O2

<1 cm 8 n.d. n.d. n.d. 10.8 89.2

approximately 1 m 25 n.d. 0.5 n.d. 70.2 29.3

approximately 10 m 20 5.8 39.4 1.0 52.0 1.8

50 m 2 n.d. n.d. n.d. 100.0 n.d.

n is the number of measured values, n.d. denotes concentrations below the detection limits.

Table 10. U concentrations (ppm) in silicate melts and hydrothermal fluids determined by studying inclusions in minerals
and chilled glasses of rocks

Silicate melts

Hydrothermal fluidsMafic 
SiO2 = 40–54 wt %

Intermediate 
SiO2 = 54–66 wt %

Acid 
SiO2 > 66 wt %

All 
SiO2 > 40 wt %

0.29 0.86 4.64 0.92 1.21

+0.70/–0.20 + 2.18/–0.62 +6.76/–2.75 +6.37/–0.80 +20.24/–1.14

n = 4726 n = 567 n = 2760 n = 8053 n = 271

n is the number of measured values. U concentration was calculated as a geometric mean if individual measured values did not deviate
from the mean value for more than 2σ at 95% probability. Numerals below mean values denote deviations (mean plus/mean minus).

Table 11. Ranges of U concentrations (ppm) in natural silicate melts and hydrothermal fluids (with references to publica�
tions reporting the maximum U concentrations)

Concentration 
in melt n Reference Concentration 

in fluid n Reference

315–3.3 15 [77] 450–0.2 40 [84]
219–6.3 5 [78] 190 1 [85]
162–13.0 3 [79] 51–1.0 21 [86]
155 1 [80] 44–1.4 3 [87]
131–2.0 32 [81] 42–1.9 12 [88]

95–5.9 84 [82] 32–0.1 43 [89]
117–4.4 26 [83] 19–1.0 7 [90]

 n is the number of measured values.
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centrations, which were reported in certain publica�
tions. Table 11 presents such data, which indicate that
U concentrations reach a maximum of 200–300 ppm in
silicate melts and 200–450 ppm in hydrothermal fluids.

We believe that data (based on representative results
of studying fluid inclusions) on the principal physico�
chemical parameters of mineral�forming fluids should
be taken into account when genetic models are sug�
gested for the genesis of U deposits.

CONCLUSIONS

1. The paper presents a review and discussion of the
principal physicochemical parameters (temperature,
pressure, density, salinity, gas composition, and U con�
centrations in fluids) under which 90 hydrothermal
U deposits and occurrences were formed. Temperatures
most favorable for the generation of these deposits lie
within the range of 100–200°C, which makes U depos�
its remarkably different from higher temperature base�
metal, Au–Ag, W, and Sn deposits.

2. Solutions at U deposits are proved to have a high
salinity: 42% of all measured values (937 analyses) fall
within the range of 10–30 wt % equiv. NaCl, which also
distinguishes U deposits from Au–Ag ones (25% of
10237 analyses), W deposits (27% of 2333 analyses),
and Sn deposits (25% of 1981 analyses). The relatively
low temperatures of U�bearing fluids and their high
salinity testify that the solutions had a high density: 94%
of all measured values fall within the range of 0.8–
1.2 g/cm3. The fluid pressure broadly varied from 2500
to 300 bar and, perhaps, even to lower values.

3. Data on the chemical composition of the gas
phase of the fluid inclusions reveal the compositional
diversity of these inclusions. In certain instances, Н2О–
СО2 fluids gave way to fluids rich in СН4 and N2 and
containing trace amounts of hydrocarbons. We have
also revealed distinguishing features of the gas composi�
tion of fluid inclusions from the nuclear�reactor zones
of three Precambrian U deposits.

4. Individual analyses of inclusions were utilized to
evaluate U concentrations in magmatic melts and min�
eral�forming fluids. The geometric mean U concentra�
tion for silicate melts of any composition is 0.92 ppm
(based on 8053 individual analyses), and the analogous
value for fluids is 1.21 ppm (271 analyses).
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