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In this lecture, I will address the following topics: 
- How do we form an ore deposits? 
- Chemical composition of hydrothermal fluids, 
- Water properties at elevated T-P, 
- Metal complexation and mineral solubility in aqueous solution,  
- How to study metal speciation in hydrothermal fluids? 
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Figure 3 | U(VI) solubilit y in H2O–NaCl mixtures at 155 ◦ Cand Psat as a

function of pH155 ◦ C and Na concentration. The distribution of U

concentration in fluid inclusions (FIs) is reported in the histogram.

Matching fluid-inclusion and experimental data indicates that the pH of the

ore-forming brines was between 2.5 and 4.5 (see text for explanations).

Error bars reflect the analytical uncertainty on U(VI) solubility. Downward

vertical bars indicate that the plotted value is the limit of detection for U(VI)

(5⇥ 10− 7 mol l− 1) when U was not detected in synthetic brines. Grey bar,

hydrochemical and thermodynamic modelling of the ore-forming brines4,5.

to the stability field of kaolinite16, with K concentration between
⇠103 and ⇠3⇥ 104 ppm (Supplementary Table S1), thepH would
approximately rangefrom 2.5 to 4.5.

As chloride is by far the dominant anion in the natural18 and
synthetic brines studied here, it is reasonable to assume that the U
complexation is similar in the two cases. No U(vi) minerals have
been found in the studied deposits, and therefore the ore-forming
brines were undersaturated with respect to U(vi) minerals, in
contrast to thehigh-salinity synthetic brines, which weresaturated
with respect to sodium uranates (Supplementary Fig. S1). As a
consequence, the maximum possible pH value of the ore-forming
brine enclosed in one fluid inclusion can be deduced from its
salinity and U concentration (Fig. 3). Considering thewhole range
of measured U concentrationsin fluid inclusions, arangeof 2.5–4.5
can beconsidered asreasonablefor thepH of theore-formingbrines
(Fig. 3), which is compatible with that found independently using
theactivity diagram (seeabove).

Theestimated pH valuesarefar lower than previously thought in
thiscontext5,6 and unusually low for geological fluids, especially in
theabsenceof H2Sor organicacids. Onepossibleexplanation isthat
such low pH wasacquired by sulphideoxidation at surfaceor near-
surfaceconditions in evaporitic environments from which theore-
forming brinesoriginated18,29. Although theorigin of acidity in the
studied brines remains to be better understood, it seems that their
low pH isakey factor contributingto thehigh U concentrations.

Theobserved variability of U concentrations in fluid inclusions
at thesamplescaleisbest explained by (1) variationsin thepH of the
brines in the 2.5–4.5 range controlling the maximal concentration
of U dissolved in theproximal sourcerocksand/or (2) ongoingUO2

precipitation resulting in thedifferentiation between pre-orebrines
(that is, U rich) and spent-ore brines (that is, U depleted). Both
scenarios would result in spatial and temporal heterogeneity of U
concentration in thebrinesand high variability of U concentrations
in fluid inclusions at the sample scale. Contamination by tiny
U-bearing solidsaccidentally trapped during theformation of fluid
inclusions is ruled out because U-bearing solids in fluid inclusions
of such high U content would be optically visible30 and a detailed
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Figure 4 | Comparison of U concentrations in Athabasca U ore fluids (this

study) with U concentration in various crustal fluids. Most crustal fluids

have U concentrations below 10− 6 mol l− 1 except for fluids related to the

magmatic–hydrothermal activity around granitic intrusions (T> 400 ◦ C),

and U ore fluids (this study), which have U concentrations up to three

orders of magnitude above any other geological fluids. Full references, U

concentrations, temperature, pH and salinity data for the fluids shown here

are provided in Supplementary Table S3. SHMSfluids, sedimentary-hosted

massive sulphide mineral deposit fluids.

Raman spectroscopy analysis of fluid inclusions from McArthur
River deposit hasnot revealed any U-bearingsolid17.

High U concentrations comparable to those measured in
the studied fluid inclusions and synthetic brines (⇠10− 6 to
⇠10− 3 mol l− 1) have previously only been measured in very high-
temperature (above 400 ◦ C), high-salinity (above 40 weight%
NaCl equivalent) and acidic magmatic–hydrothermal fluids(Fig. 4
and Supplementary Table S3). U concentrations in basin and
basement formation waters, geothermal fluidsand mid-ocean ridge
fluids rarely exceed 10− 6 mol l− 1. Therefore, the studied fluids are
exceptionally U rich when compared with other crustal fluids for
which the temperature is lower than 400 ◦ C, and other crustal
fluids with comparable low pH do not carry such quantities of U
(Supplementary TableS3). From this, weconcludethat thestudied
brines have such exceptional U content first because of their high
fO2

, second because of the high U availability in the environment
of thedeposits19 and last becauseof their rather unusually low pH,
which enablestheU to remain stablein solution.

Using a flow rate of ⇠1m yr− 1, a U concentration of
⇠10− 4 mol l− 1 in the ore forming brines is required to form
such deposits in a geologically reasonable period of time (⇠0.1–
1Myr; ref. 4). Here, we demonstrate that ⇠10− 4 mol l− 1 U in
the ore-forming brines averages the concentrations found in
fluid inclusions (Fig. 3). Therefore, a first-order approximation
confirms that 0.1–1Myr is a viable estimate for the duration of
themineralizing event.

More generally, the hypothesis that world-class lead–zinc and
gold hydrothermal deposits are produced by exceptionally metal-
rich fluidsin arelatively short period of time8,9 can also beextended
to giant unconformity-related U deposits. Such aconclusion could
be reasonably extrapolated to other types of high-grade large-
tonnage metal deposit, provided a comprehensive analytical and
experimental investigation of orefluid metal contents.

Methods
Fluid-inclusion microthermometry was carried out using a Linkam MDS600
heating–cooling stage using the procedure and fluid-inclusion nomenclature
previously published for fluid inclusionsin theAthabascaBasin7,17.

LA–ICP–MS analysis of fluid inclusions from nine quartz vein samples
was carried out at the School of Earth and Environment, University of Leeds,
UK, using published instrumentation and procedures25. Calibration and signal
integration were carried out with the MATLAB-based SILLSprogram31,32. The
limit of detection was defined as 3σ error above the blank. Absolute element
concentrations can be calculated if the Na internal standard concentration is
known. TheNaconcentration wasobtained from thechlorinecontent determined
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Figure 1| Quartz-vein and fluid-inclusion petrography. a, Core sample

showing a dravite (Mg-tourmaline)–quar tz vein (typically associated with

mineralizing events) crosscutting graphite-rich gneiss (sample H3042-1,

Eagle Point deposit). b, Quartz wafer showing a well-identified growth

zone. c, Magnification of growth zone characterized by abundant haematite

(straight dashed lines). A pseudosecondary fluid-inclusion plane is

indicated by the curved dashed line crosscutting the haematite-free quartz

but not the latter haematite-rich quartz. d, Two-phase primary fluid

inclusion. e, Two-phase pseudosecondary fluid inclusion. Such inclusions

represent preserved aliquots of the ore-forming brines and were selected

for LA–ICP–MSanalysis.

of U(vi). Fluid inclusions were analysed by microthermometry
and laser ablation inductively coupled plasma mass spectrometry
(LA–ICP–MS), which isat present the most accurate and sensitive
technique for the determination of the major- and trace-element
ratios within fluid inclusions24,25, and provides absolute element
concentrations when combined with the salinity determined from
microthermometry (Methodsand Supplementary TableS1).

The minimum U concentration required for LA–ICP–MS
determination varies as a function of inclusion size and therefore
of thesignal intensity (here between ⇠10− 6 and ⇠2⇥ 10− 4 mol l− 1

for large and small inclusions, and most frequently below ⇠4⇥
10− 6 mol l− 1). Of the 166 analysed fluid inclusions, 104 have
measurable U concentrations, comprised between 10− 6 and 2.8⇥
10− 3 mol l− 1 and varying over three orders of magnitude in all
the studied deposits (Fig. 2). Because the U concentrations are
highly scattered, no statistically relevant relationship is evident
between U content of fluid inclusions and a given deposit or
sample. The range of U concentrations found here is consistent
with the first measurements made at McArthur River7 and
shows that the chlorine-rich brines were indeed U-bearing fluids,
with the U content and variability being comparable from one
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Figure 2 | LA–ICP–MSdetermination of U concentration in fluid

inclusions. a, LA–ICP–MSsignal for selected elements in a

1.0⇥ 10− 3 mol l− 1U fluid inclusion (sample RBL1Qz, Rabbit Lake deposit).

U is absent from quartz (Qz) and is entirely fluid-inclusion hosted as no U

signal is observed during quartz ablation before opening of the fluid

inclusion (FI). a.u., arbitrary units. b, Box-and-whisker plots showing the

distribution of U concentration in fluid inclusions among the studied

deposits. Lower whiskers, bottoms of boxes, central lines, tops of boxes and

upper whiskers represent 10th, 25th, 50th, 75th and 90th percentiles

respectively; symbols represent outliers. McArthur River data have been

published previously7. n, number of fluid inclusions analysed.

sample to another and from one deposit to another throughout
the Athabasca Basin.

An experimental determination of U(vi) solubility asafunction
of pH155 ◦ C (1.9 to 6.8) and NaCl concentration (0.3 to 6.0mol l− 1)
in H2O–NaCl mixtures, an analogue of the ore-forming brines,
was carried out by reacting an excess of solid hydrated uranium
trioxide UO3(H2O)n in H2O–NaCl mixtures at 155 ◦ C and Psat in
a polytetrafluoroethylene container placed in an autoclave under
argon atmosphere (Methods and Supplementary Table S2). As
polytetrafluoroethylene and argon are chemically inert in these
conditions, thisexperimental set-up preventstheoccurrenceof any
redox reaction and ensures that the U remains in the U(vi) form.
Once stabilized, the pH of each synthetic brine was measured at
25 ◦ C. The pH155 ◦ C is reasonably assumed to be ⇠1 unit below
pH25 ◦ C irrespective of salinity, on the basis of the thermodynamic
propertiesof aqueousNaCl at 155 ◦ C(refs26,27).

The results of solubility measurements show that U(vi )
solubility lies between ⇠10− 7 and ⇠10− 5 mol l− 1 for pH155 ◦ C

between 4.5 and 6.8, but reaches ⇠10− 1 mol l− 1 at pH155 ◦ C ⇠ 2
(Fig. 3). For Na concentrations below 4.4mol l− 1, the solubility of
U(vi) is not significantly dependent on the salinity. For samples
with Na concentrations above 4.4mol l− 1 and pH155 ◦ C below 4.3,
the solubility of U(vi) is down to two orders of magnitude lower
than in samples with a lower Na concentration and a similar
pH155 ◦ C. Thisdecreaseof U(vi ) solubility with increasing salinity is
dueto theprecipitation of sodium uranatesduringtheexperiments,
which were identified by Raman spectroscopy (Supplementary
Fig. S1). However, the results of the experiments show that the
pH is clearly the main control on U(vi) solubility, especially in
themost acidic media.

In the studied deposits, the pH of the ore-forming
brines can be estimated using the activity diagram for the
system HCl–H2O–(Al2O3)–K2O–SiO2 showing logaK+ / aH+ versus
logaH4SiO4 (where a is the activity) at 150 ◦ C (ref. 28;
Supplementary Fig. S2). Considering that thebrines lie in the field
of stability of illite6, along the quartz saturation line17 and close
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but not the latter haematite-rich quartz. d, Two-phase primary fluid

inclusion. e, Two-phase pseudosecondary fluid inclusion. Such inclusions

represent preserved aliquots of the ore-forming brines and were selected

for LA–ICP–MS analysis.

of U(vi ). Fluid inclusions were analysed by microthermometry
and laser ablation inductively coupled plasma mass spectrometry
(LA–ICP–MS), which is at present the most accurate and sensitive
technique for the determination of the major- and trace-element
ratios within fluid inclusions24,25, and provides absolute element
concentrations when combined with the salinity determined from
microthermometry (Methodsand Supplementary TableS1).

The minimum U concentration required for LA–ICP–MS
determination varies as a function of inclusion size and therefore
of the signal intensity (here between ⇠ 10− 6 and ⇠2⇥ 10− 4 mol l− 1

for large and small inclusions, and most frequently below ⇠4⇥
10− 6 mol l− 1). Of the 166 analysed fluid inclusions, 104 have
measurable U concentrations, comprised between 10− 6 and 2.8⇥
10− 3 mol l− 1 and varying over three orders of magnitude in all
the studied deposits (Fig. 2). Because the U concentrations are
highly scattered, no statistically relevant relationship is evident
between U content of fluid inclusions and a given deposit or
sample. The range of U concentrations found here is consistent
with the first measurements made at McArthur River7 and
shows that the chlorine-rich brines were indeed U-bearing fluids,
with the U content and variability being comparable from one
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inclusions. a, LA–ICP–MS signal for selected elements in a

1.0 ⇥ 10− 3 mol l− 1U fluid inclusion (sample RBL1Qz, Rabbit Lake deposit).

U is absent from quartz (Qz) and is entirely fluid-inclusion hosted as no U

signal is observed during quartz ablation before opening of the fluid

inclusion (FI). a.u., arbitrary units. b, Box-and-whisker plots showing the

distribution of U concentration in fluid inclusions among the studied

deposits. Lower whiskers, bottoms of boxes, central lines, tops of boxes and

upper whiskers represent 10th, 25th, 50th, 75th and 90th percentiles

respectively; symbols represent outliers. McArthur River data have been

published previously7. n, number of fluid inclusions analysed.

sample to another and from one deposit to another throughout
the Athabasca Basin.

An experimental determination of U(vi ) solubility asafunction
of pH155 ◦ C (1.9 to 6.8) and NaCl concentration (0.3 to 6.0mol l− 1)
in H2O–NaCl mixtures, an analogue of the ore-forming brines,
was carried out by reacting an excess of solid hydrated uranium
trioxide UO3(H2O)n in H2O–NaCl mixtures at 155 ◦ C and Psat in
a polytetrafluoroethylene container placed in an autoclave under
argon atmosphere (Methods and Supplementary Table S2). As
polytetrafluoroethylene and argon are chemically inert in these
conditions, thisexperimental set-up prevents theoccurrence of any
redox reaction and ensures that the U remains in the U(vi ) form.
Once stabilized, the pH of each synthetic brine was measured at
25 ◦ C. The pH155 ◦ C is reasonably assumed to be ⇠ 1 unit below
pH25 ◦ C irrespective of salinity, on the basis of the thermodynamic
propertiesof aqueousNaCl at 155 ◦ C(refs26,27).

The results of solubility measurements show that U(vi)
solubility lies between ⇠ 10− 7 and ⇠ 10− 5 mol l− 1 for pH155 ◦ C

between 4.5 and 6.8, but reaches ⇠ 10− 1 mol l− 1 at pH155 ◦ C ⇠ 2
(Fig. 3). For Na concentrations below 4.4mol l− 1, the solubility of
U(vi ) is not significantly dependent on the salinity. For samples
with Na concentrations above 4.4mol l− 1 and pH155 ◦ C below 4.3,
the solubility of U(vi ) is down to two orders of magnitude lower
than in samples with a lower Na concentration and a similar
pH155 ◦ C. Thisdecrease of U(vi) solubility with increasing salinity is
dueto theprecipitation of sodium uranatesduring theexperiments,
which were identified by Raman spectroscopy (Supplementary
Fig. S1). However, the results of the experiments show that the
pH is clearly the main control on U(vi) solubility, especially in
the most acidic media.

In the studied deposits, the pH of the ore-forming
brines can be estimated using the activity diagram for the
system HCl–H 2O–(Al2O3)–K2O–SiO2 showing logaK+ / aH+ versus
log aH4SiO4 (where a is the activity) at 150 ◦ C (ref. 28;
Supplementary Fig. S2). Considering that the brines lie in the field
of stability of illite6, along the quartz saturation line17 and close
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