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The gold content of mafic to felsic
potassic magmas

Jia Chang 1 , Andreas Audétat 1 & Thomas Pettke 2

Many epithermal gold and gold-rich porphyry-type ore deposits are associated
with potassic magmas. Hence, potassic magmas are commonly assumed to
have been unusually Au-rich or to have contained high Au/Cu ratios. However,
these hypotheses remain poorly tested. Here, we report Au concentrations and
Au/Cu ratios in silicate melt inclusions analyzed in potassic rocks worldwide.
The results suggest that mafic potassic magmas generally contain only 2‒7 ng/g
Au, despite common sulfide exhaustion during partial mantle melting. Both the
absolute Au concentrations and Au/Cu ratios are comparable to those of mafic
calc-alkaline magmas, and they vary little during subsequent magma differ-
entiation because magmatic sulfide precipitation is strongly dominated by
monosulfide solid solution that is relatively poor in Au and Cu. We thus suggest
that the close association of Au-rich deposits with potassic magmas is not due
to Au enrichment in the magma, but rather due to selective Au precipitation at
the hydrothermal stage.

Epithermal Au and Au-rich porphyry-type ore deposits tend to be
genetically associated with potassic magmas. About 40% of the lar-
gest Au-rich deposits are related to potassic igneous rocks, which
comprise only about 5‒10 vol% of the global arc igneous rocks1,2.
Therefore, it is commonly assumed that potassic magmas are
exceptionally Au-rich2–5. In some studies, this has been attributed
to unusually Au-rich mantle sources3,5,6, whereas other studies pro-
pose that Au became enriched in potassic magmas during the pro-
cess of partial mantle melting4,7–9 or during subsequent magma
differentiation10,11. Some recent studies also argued that high mag-
matic Au/Cu ratios, rather than high absolute Au concentrations,
render potassic magmas productive for Au-rich porphyry-type Cu
deposits12,13.

Enrichment of Au in magmatic-hydrothermal ore deposits may
also be explained by non-magmatic factors. One option is indicated by
an experimental study showing that the partitioning of Au into mag-
matic fluids is amplified in the presence of high alkali contents14.
Alternatively, the commonly extensional tectonic setting in which
potassic magmas are generated3,15 may promote the development of
shallowly emplaced, little evolved magma reservoirs, which, in turn,
may affect the hydrothermal evolution and lead to selective Au pre-
cipitation in the deposits16,17.

The hypothesis of magmatic Au enrichment can be tested by
comparing the metal content of potassic magmas with that of calc-
alkaline magmas. Available evidence to date is largely based on bulk-
rock analysis of potassic porphyry dikes or subaerial volcanic
lavas12,18–21. However, since these rocks cooled relatively slowly after
magma emplacement, significant loss of Au may have occurred during
magma degassing22. The Au content of bulk rocks can also get mod-
ified during subsequent hydrothermal alteration19,21. Melt inclusions,
i.e., droplets of silicate melt trapped in phenocrysts during magma
crystallization, provide a way to minimize these problems because
they are little affected by magma degassing or subsequent hydro-
thermal alteration. However, the Au content of melt inclusions is
representative of bulk magmas only if the magmas did not yet reach
sulfide saturation, as magmatic sulfides strongly scavenge chalcophile
elements in magmas23,24. Data on Au contents of melt inclusions are
rare10,25–27, mostly because it is very challenging to analyze Au con-
centrations at parts per billion levels in samples weighing only a few
tenths of a microgram.

In the present study, we analyzed Au and Cu concentrations
in melt inclusions from mafic to felsic potassic rocks worldwide,
using state-of-the-art laser-ablation inductively-coupled-plasma mass-
spectrometry (LA-ICP-MS) (Methods). To explain the measured Au
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concentrations and Au/Cu ratios in potassic melts, we additionally
performed quantitative modeling based on (1) the abundance and
composition of sulfides during mantle partial melting and subsequent
magma fractionation and (2) results of high pressure-temperature
experiments.

Results and discussion
Au contents and Au/Cu ratios of ma�c potassic melts
We analyzed entire, unexposed melt inclusions hosted in olivine
(n = 94) and clinopyroxene (n = 27) from mafic potassic dikes and
volcanic rocks collected from 11 locations worldwide (Figs. 1 and 2).
Our petrographic studies suggest that olivine in the potassic mafic
rocks was the liquidus phase, followed by crystallization of clinopyr-
oxene. Careful inspection of more than 100 polished thick sections
revealed that olivine phenocrysts are mostly free of sulfide inclusions,
whereas clinopyroxene phenocrysts commonly do contain sulfide
inclusions, especially in clinopyroxene-rich samples (Supplementary
Data 1). Therefore, the potassic magmas were generally sulfide-
undersaturated during the crystallization of olivine, but reached
sulfide-saturation during the crystallization of clinopyroxene.

Because chalcophile elements (e.g., Au and Cu) partition strongly
into sulfide phases23,24 but barely into silicate minerals and Fe-Ti
oxides28, the content of these metals in olivine-hosted melt inclusions
prior to sulfide saturation should be representative of the bulk magma.
Measured Au concentrations in olivine-hosted melt inclusions range
from 1.5 to 6.5 ng/g Au (average 3.2 ng/g Au; Supplementary Data 2),
which is similar to Au contents reported from mafic calc-alkaline

magmas (0.6‒5.5 ng/g Au; average 2.6 ng/g; Fig. 3a). Most of the mafic
calc-alkaline magmas were sulfide-undersaturated27,29, too. This sug-
gests that Au contents of mafic potassic and mafic calc-alkaline mag-
mas are similar. The same is true for the Au/Cu ratios (Fig. 3b). The
relatively low Au/Cu ratios of the melt inclusions analyzed from Woz-
hong, Two Buttes, and West Eifel can be explained by post-entrapment
gain of Cu30,31, as these melt inclusions are coarsely crystallized and
thus resided for prolonged times at high temperatures. The original Cu
content of silicate melts at Wozhong, Two Buttes, and West Eifel can be
constrained based on the Cu content of the most Cu-rich sulfide
inclusions (i.e., rare sulfide liquid or intermediate solid solution, the
first sulfides that precipitate when sulfide saturation was reached) and
experimentally determined sulfide–silicate melt partition coefficients
(see Supplementary Data 3). Correspondingly corrected Au/Cu ratios
in the silicate melts are similar to those of the other mafic potassic
magmas investigated, and also similar to those of mafic calc-alkaline
magmas (Fig. 3b). Both the absolute Au contents and Au/Cu ratios of
mafic potassic and mafic calc-alkaline magmas are slightly higher on
average than those of mid-ocean ridge basalts (Fig. 3a, b).

The melt inclusion data also suggest that mafic potassic magmas
tend to be more S-rich and more oxidized than mafic calc-alkaline
magmas (Fig. 3c, d), as noticed previously32–35. Importantly, the S
contents of both magma types lie mostly below the sulfur solubility
curve at the P-T conditions prevailing during mantle partial melting
(Fig. 4), which suggests that the sulfides in the mantle source became
usually exhausted during the partial melting process. The Au and Cu
contents of the primary mantle melts can thus be estimated
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Fig. 1 | Origin of samples discussed in the present study. a Distribution of sam-
ples. The base map is modified after https://commons.wikimedia.org/wiki/File:
Simplified_World_Map.svg. b K2O vs SiO2 contents of melt inclusions and corre-
sponding bulk rocks (the bulk-rock compositions were taken from references listed

in Supplementary Data 1). The line that separates potassic rocks from calc-alkaline
rocks is from Rickwood68. Mafic potassic samples are shown in red diamonds (this
study), whereas calc-alkaline arc basalts with previously published Au concentra-
tions in melt inclusions are shown in blue triangles25,27,29.
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independently if one knows the abundance and metal content of
mantle sulfides, and the degree of mantle partial melting. Since pri-
mitive potassic melts typically form by partial melting of phlogopite ±
amphibole-veined peridotites36–40, thisstudy, we studied 29 natural, veined
peridotites mostly from the Eifel region in Germany to constrain the
abundance and composition of mantle sulfides (Supplementary
Data 5). To quantify the metal content of the sulfides, 70 unexposed
sulfide inclusions were drilled out and analyzed as entities by LA-ICP-
MS (Supplementary Data 6). The metasomatic veins commonly
contain abundant sulfides (up to 1.6 wt%), whereas the surrounding
peridotites contain virtually no sulfides (e.g., Fig. 5). High P-T melting
experiments of veined peridotites suggest that 20‒100 wt% melting of

the vein material with only minor addition of the surrounding peri-
dotite is required to reproduce the composition of natural mafic
potassic magmas36–40, this study (Supplementary Figs. 1 and 2, and Sup-
plementary Data 7 and 8).
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Fig. 2 | Representative melt inclusions in the studied ma�c potassic rocks.
a Glassy melt inclusions with shrinkage bubbles hosted in an olivine phenocryst,
Vulcano, Italy. b Crystallized melt inclusions hosted in an olivine phenocryst,
Sihetun, China. Notice the coexisting spinel inclusions. c Crystallized melt inclu-
sions hosted in a clinopyroxene phenocryst, Two Buttes, USA. The images were
taken under transmitted light and enhanced by focus stacking.
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Fig. 3 | Gold content, Au/Cu ratio, S content, and fO2 of ma�c potassic vs ma�c
calc-alkaline magmas. a–c The melt inclusion data from potassic magmas are
reported in this study, whereas those from calc-alkaline magmas are taken from the
literature25,27,29. Ranges and averages of MORB (i.e., mid-ocean ridge basalts, in
green) are shown for comparison69. d The estimated oxygen fugacities, which are
expressed in log units relative to fayalite-magnetite-quartz (FMQ) buffer, are based
on V partitioning between melt inclusions and olivine60 and/or the composition of
spinel inclusions and their olivine host70 (Supplementary Data 4). MORB data are
also shown for comparison71. The slightly lower Au contents and Au/Cu ratios of
MORB can be explained by the fact that these magmas are generally sulfide-satu-
rated, which is a consequence of their lower fO2 (ref. 70). ol olivine, cpx clinopyr-
oxene, sp spinel, MI melt inclusion, SI sulfide inclusion.
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The veined peridotite shown in Fig. 5, for example, would produce
a sulfide-undersaturated, primitive potassic melt that contains 1.2‒
5.8 ng/g Au and a Au/Cu ratio of ~20 × 10−6. More generally, to explain
the 0.07‒0.42 wt% S observed in the mafic potassic melts shown in
Fig. 4, the metasomatic components would need to have contained
0.036‒0.23 wt% to 0.18‒1.2 wt% sulfides at melting degrees of 20% to
100%, respectively, given a typical sulfide S content of 36.5 wt%.
Together with an observed broad correlation between sulfide

abundance and sulfide Au and Cu contents in metasomatic mantle
veins (Supplementary Fig. 3), the Au contents and Au/Cu ratios of the
primitive potassic magmas can be estimated at 1.2‒6.6 ng/g and
1.3 × 10−6‒77 × 10−6, respectively. These predicted values agree well
with those observed in the mafic melt inclusions (Fig. 3a, b). Conse-
quently, neither the mantle source nor the primitive potassic partial
melts are characterized by unusually high Au contents or high Au/Cu
ratios.

Au contents and Au/Cu ratios of evolved potassic melts
To test whether potassic magmas can attain high Au contents or high
Au/Cu ratios during magma differentiation, we additionally analyzed
38 melt inclusions in 13 intermediate to felsic potassic rocks in the
Sanjiang region of southwestern China (Supplementary Data 9) and
complemented the data with quantitative modeling. Previous studies
demonstrated that the entire range of mafic to felsic potassic magmas
in the Sanjiang region formed by fractionation of mantle-derived mafic
potassic melts41,42. Our melt inclusion data suggest that the evolved
potassic melts did not contain more Au than their mafic parents
(Fig. 6a). Moreover, Au concentrations and Au/Cu ratios in the evolved
potassic melts are comparable to those in similarly evolved calc-
alkaline melts (Fig. 6). Consequently, the Au contents and Au/Cu ratios
of evolved potassic magmas are not unusually high either.

The quantitative crystallization models shown in Fig. 6 suggest
that Au concentrations and Au/Cu ratios in the evolved potassic and
calc-alkaline melts are best captured by dominant MSS fractionation
with only very minor sulfide liquid. LA-ICP-MS analysis of 41 unexposed
sulfide inclusions in this study suggests that both Cu-rich sulfide liquid
and Cu-poor MSS were present during the onset of sulfide saturation
in mafic potassic magmas at Sanjiang, Two Buttes and West Eifel
(Supplementary Data 3), whereas solely MSS was present at later
stages. This is also the case in several other magmatic systems (Santa
Rita43,44, USA; La Fossa45, Italy; Chilas46, Kohistan; Mont-Dore Massif47,
France). These observations agree well with previous quantitative
modeling44,48–50 and high P-T experimental studies41,51, because the
precipitation of sulfide liquid rapidly depletes the residual silicate melt
in Cu, such that only MSS can precipitate afterwards. MSS-dominated
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sions analyzed in this study, whereas the blue triangles represent mafic calc-alkaline
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deviation of multiple analyses. MORB, mid-ocean ridge basalts69,71.
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Fig. 5 | Petrology of a metasomatic vein in peridotite from the West Eifel,
Germany. a Transmitted-light image of a spinel lherzolite cut by a phlogopite-
bearing hornblendite vein (ME42). b SEM-EDS elemental composite map of part of
the same sample. The vein hosts ~0.21 wt% sulfides that contain ~2.8 wt% Cu and

~0.55 μg/g Au (Au/Cu ~20 × 10−6), whereas the surrounding lherzolite contains no
sulfides. amp amphibole, cpx clinopyroxene, ol olivine, opx orthopyroxene, phl
phlogopite, sp spinel, sulf sulfide.
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