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Abstract In this study, we performed an integrated investigation of K and Mg isotopes in hydrothermally altered rocks from the
giant Dexing porphyry Cu deposit in China. Both the altered porphyry intrusion and the surrounding wall rocks exhibit large
variations in K and Mg isotope compositions, with δ41K values ranging between −1.02‰ and 0.38‰, and δ26Mg values ranging
between −0.49‰ and 0.32‰. The δ41K and δ26Mg values of the majority of altered samples are higher than the isotopic baseline
values for upper continental crust. We attribute the general increase in δ41K and δ26Mg in altered rocks to hydrothermal alteration,
which caused preferential incorporation of heavy K andMg isotopes in alteration products, particularly phyllosilicates. However,
a few altered samples show anomalously low δ41K and δ26Mg values. The δ41K and δ26Mg values do not correlate with K and Mg
concentrations, or mineralogy of altered samples. The variable K-Mg isotope data likely reflect fluids of different physical-
chemical properties, or different isotopic compositions. Based on the combined K-Mg isotope data, at least three groups of
hydrothermal fluids are distinguished from the Dexing porphyry deposit. Therefore, K-Mg isotopes are potentially a novel tracer
for fingerprinting fluids in complex hydrothermal systems.
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1. Introduction

Hydrothermal processes are ubiquitous on Earth that are
responsible for generation of mineral deposits for many
metals (e.g., Cu, Au, Mo, W) (Pirajno, 2009). Besides the
economic significance associated with mineral deposits,
hydrothermal activities are also of great interest to re-
searchers because seawater chemistry is buffered by hydro-
thermal systems in mid-ocean ridges (Elderfield and Schultz,
1996). Not all hydrothermal processes result in economical
mineral deposits, but all hydrothermal processes produce
alterations of wall rocks along the fluid pathway by various
degrees. Hydrothermal alteration of rocks is commonly as-

sociated with mineral replacement and element mobility,
which can be used to constrain the physical-chemical con-
ditions of the hydrothermal system (Reed, 1997).
Either mineralization or wall-rock alteration by hydro-

thermal fluids involves dissolution, transportation, and pre-
cipitation of certain elements, during which significant
changes in bonding conditions of elements at atomic scale
could occur. Because atomic bonding structure is one of the
fundamental controlling factors for isotope fractionation
(Schauble, 2004), elemental mobility associated with hy-
drothermal activities could be accompanied with isotopic
fractionation. Advances in Multi-Collector Inductively
Coupled Plasma Mass Spectrometry (MC-ICP-MS) since
2000 have enabled high precision measurement of stable
isotope ratios for metals such as Fe, Cu, and Mg, leading to a
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rapid expansion of the research field of so-called “non-tra-
ditional stable isotope geochemistry” (Johnson et al., 2004).
Remarkable progresses have been made in understanding
stable isotope fractionation of a variety of metals in low
temperature (<100°C) and magmatic systems, as well as in
applications of these tools to various geological problems
(Dauphas et al., 2017; Teng, 2017; Teng et al., 2017). Sig-
nificant efforts have also been made to explore the geo-
chemistry of Cu, Fe and Zn isotopes in hydrothermal mineral
deposits (e.g., Gagnevin et al., 2012; Li et al., 2010; Mathur
et al., 2013; Wang Y et al., 2015; Wang et al., 2011; Yao et
al., 2016; Zhu et al., 2000), and the majority of investigations
of metal stable isotopes in mineral deposits concentrated on
metals in ore minerals. These studies have revealed large
variability in metal stable isotope compositions in ores, de-
monstrating the great potential of these new tools for un-
derstanding metal mineralization.
In contrast to the progresses in metal stable isotope geo-

chemistry made on mineral deposits, little work has been
done to investigate metal stable isotope compositions of
gauge minerals in alteration zones in hydrothermal ore de-
posits. Significant progresses have been made in the studies
of Mg isotope geochemistry in the past two decades (Teng,
2017) and analytical breakthroughs have been recently made
for high precision K isotope ratio measurements for geolo-
gical samples (Chen et al., 2019; Hu et al., 2018; Li et al.,
2016; Morgan et al., 2018; Wang and Jacobsen, 2016; Xu et
al., 2019). However, our current understanding of isotope
geochemistry for major rock-forming metals (i.e., Mg and K)
during hydrothermal alteration of wall rocks in mineral de-
posits is very limited, in spite of preliminary analyses of K
isotopes in altered basalts from mid-ocean ridges (Parendo et
al., 2017). A series of fundamental questions remain to be
answered, including: (1) is hydrothermal alteration of rocks
associated with distinguishable isotope fractionation of ma-
jor metals? (2) what is the direction and magnitude of metal
stable isotope fractionation during hydrothermal alteration?
and (3) do metal stable isotopes reveal information about
hydrothermal fluids that is not possible to study using con-
ventional methods? Answers to the above questions are
important, because hydrothermal alteration of rocks is much
more ubiquitous than economical mineralizations on Earth,
and alteration zones are much more voluminous than or-
ebodies in mineral deposits.
In this study, we investigate the isotopic systematics of K

and Mg in bulk altered rocks from a typical porphyry copper
deposit in China. Porphyry deposits are an important type of
hydrothermal deposits that have been intensively studied for
many decades (Sillitoe, 2010). Porphyry deposits are char-
acterized by association with different alteration zones of
rocks centric to porphyritic intrusions, and are ideal natural
labs for studies of metal isotope behavior during hydro-
thermal alteration (Seedorff et al., 2005). Our results confirm

significant fractionation of isotopes of major alkaline and
alkaline-earth metals (Mg and K) during hydrothermal al-
teration of rocks, and imply that metal stable isotopes could
provide new insights for understanding water-rock interac-
tions at elevated temperatures.

2. Geological background and samples

The Dexing porphyry deposit in the Jiangnan Orogen of
South China Block (Figure 1) is one of the largest porphyry
copper deposits in China (Zhu et al., 1983). The deposit is a
product of mineralization associated with Middle Jurassic
(ca. 170 Ma) igneous activities (Wang G G et al., 2015) and
is composed of three hydrothermal mineralizing systems
around three granodiorite porphyry intrusions that are named
as Tongchang, Fujiawu, and Zhushahong, respectively
(Figure 1; Zhu et al., 1983). The Dexing porphyry deposit is
hosted by low-grade metamorphosed phyllites and tuffs of
the Neoproterozoic Shuangqiaoshan Group. Mineralization
typically occurs in narrow veinlets, less than 1 mm to several
centimeters in width, as well as disseminated sulfides in
phyllites of the host rocks and the ore-related porphyries.
Both the granodiorite porphyry and wall rocks suffered
various degrees of hydrothermal alteration. Hydrothermal
alteration zones are distributed in a concentric pattern around
porphyry intrusions, grading from potassic (K-feldspar-illite-
chlorite) in the inner core, to phyllic (chorlite-sericite, zone
H2 in Figure 1) at the intrusion-wall rock boundary, to pro-
pylitic (chlorite-illite-epidote, zone H1 in Figure 1) in the
outer areas (Zhu et al., 1983). Tongchang is the strongest
mineralization zone of the Dexing ore deposit, accounting
for 5.2 Mt of Cu with average ore grade at 0.4%. The pipe-
shaped Tongchang granodiorite porphyry intrusion, dipping
towards NW with a dip angle of 45º, has a surface exposure
of only 0.7 km2, but it yielded a large hydrothermal alteration
zone of more than 4 km2. Copper is the primary commodity,
with molybdenum and gold as byproducts. The ore minerals
include pyrite, chalcopyrite, molybdenite, native gold,
magnetite, and rutile. The gangue minerals include quartz,
sericite, biotite, K-feldspar, chlorite, anctinolite, sphere, and
anhydrite.
The ore deposit at Tongchang has undergone a moderate

erosion, and the strong phyllic zone is exposed in the surface.
Based on the alteration mineral assemblage and the re-
lationship with mineralization, at least three well-zoned al-
teration zone can be identified. The potassic zone is
developed in the center part, which is primarily confined
within the ore-related granodiorite porphyry. The altered
porphyry is featured by the presence of pink color hydro-
thermal potassium feldspar and the hydrothermal brown
biotite. The phyllic alteration zone overprints the potassic
alteration or occurs in the outer zone. Abundant pyrite, ser-
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icite, illite, and chlorite are present in the phyllic zone, which
commonly overprint or obscure the early potassic alteration,
or even totally eliminate the footprint of earlier alteration.
The strongest phyllic alteration is located in the contact zone
between the granodiorite porphyry and epi-metamorphized
phyllites of the Neoproterozoic Shuangqiaoshan Group. The
phyllic zone also hosts the main ore bodies of this deposit,
with abundant stockwork, and the increasing pyrite:chalco-
pyrite ratios as estimated by hand speciemen and micro-
scopic observations. Beyond the main ore zone, the outmost
zone is the weak propylitic alteration zone, which is featured
by the chlorite-quartz-calcite-pyrite±chalcopyrite assem-
blages.
Samples investigated in this study come from two cores

No. 211 and No. 804. The drillhole No. 211 is located in the

center of the Tongchang porphyry, and intercepted the bulk
porphyry. The drillhole No. 804 occurs near southeast
boundary of the Tongchang porphyry, with most parts in the
wallrocks and minor in the granodiorite porphyry (Figure 1).
The mineralogy and geochemistry of these two drill cores
have been studied in detail in previous investigations (Jin,
1999; Jin et al., 2001). The drill hole No. 211 is featured by
the potassic alteration and overprinting of later strong phyllic
alteration. The early stage quartz-K-feldspar-biotite-chalco-
pyrite-pyrite assemblages are commonly overprinted by later
quartz-sericite-illite-chlorite-pyrite-chalcopyrite mineral as-
sociations. The samples analyzed from drill core No. 804
include eight altered phyllite wall rocks and four samples of
thin granodiorite layers. The drill core No. 804 is further
away the ore-related intrusion, and the strong phyllic al-

Figure 1 Geological maps for the Dexing porphyry deposits. (a) Tectonic background of Dexing porphyry deposit; (b) local geology of the Dexing region;
(c) geological map of the Tongchang porphyry system; (d) cross section of the Tongchang porphyry system. Samples analyzed in this study were taken from
drill cores D211 and D804, which are marked in plots (c) and (d).
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teration mineral assemblages are observed, including ser-
icite, illite, chlorite, pyrite, chalcopyrite and quartz. The
common accessary minerals in the drill holes are magnetite,
rutile, monazite, xenotime, and sphere. More than 100 g of
material for each sample was pulverized for bulk rock ele-
mental, isotopic, and XRD analyses.

3. Methods

3.1 Major element analysis and XRD

Major element compositions of the bulk-rock powders were
analyzed by X-ray fluorescence spectrometry (XRF) at State
Key Laboratory for Mineral Deposit Research, Nanjing
University. Bulk-rock powder XRD analysis was performed
on a Rigaku Rapid II dual-source X-ray diffractometer at
State Key Laboratory for Mineral Deposit Research
(SKLDR), Nanjing University. The XRD instrument was
running using a Mo target X-ray source (Mo Ka=0.71073 Å)
and a 0.1 mm diameter beam. Bulk rock powder was loaded
into a Kapton tube (internal diameter: 1mm, thickness 0.05
mm) for transmission-mode XRD analysis. Diffraction data
were collected on a 2-D image plate detector, and were
converted to produce conventional 2θ-intensity patterns
using a Rigaku-2DP software. Analysis and interpretation of
XRD patterns were made using a Jade 6.5 software.

3.2 Isotope analysis

3.2.1 Chemical procedure
All chemical procedures for isotope analyses of Mg and K
were performed in a clean room with laminar flow hoods and
HEPA filtered air at SKLDR, Nanjing University. Deionized
(18.2 MΩ) water, Teflon-coated hot plates, Teflon beakers,
double distilled reagents were used throughout the experi-
ments; other labware were soaked in 6 mol L–1 HCl over-
night and rinsed using deionized water.
10–20 mg bulk rock powder for each sample was dissolved

using a standard HF-HNO3 digestion procedure at 130°C
(e.g., Li et al., 2012). Separate aliquots of the dissolved
samples that contained 50–100 μg of Mg and K were con-
verted into nitrate salts by repeatedly drying and re-dis-
solution in 50–100 μL concentrated HNO3. Separation of K
and Mg from matrix elements followed a two-stage cation
exchange protocol that has been described in Li et al. (2016).
Briefly, an aliquot of dissolved sample was loaded on to a
first-stage column that contained 1 mL 100–200 mesh
BioRad® AG50W-x12 resin and eluted using 1.5 mol L–1

HNO3 to separate Mg and K from other matrix elements. The
purified K-Mg mixture was further treated using a second
stage column that contained 0.4 mL 100–200 mesh BioRad®
AG50W-x8 resin and multiple acids to separate K from Mg
(Li et al., 2016). Recovery of this two-stage column proce-

dure is 99.4±2.1‰ (2SD, n>50) for K and 98.2±3.1‰ (2SD,
n>50) for Mg. The total procedural blank of the method is
3–8 ng (n=5) for K and 40–80 ng (n=6) for Mg, which are
both negligible compared with the >50 μg mass of K and Mg
in each sample.

3.2.2 Mass spectrometry
Magnesium isotope ratios were measured using a Neptune
plus MC-ICP-MS at Nanjing University, the instrument was
running at low mass resolution mode and “wet-plasma”
mode using a 100 μL min−1 self-aspirating nebulizer tip and
a glass spray chamber. Isotopic ratios of unknowns were
determined using a sample-standard bracketing routine. Each
analysis included a 40 s on-peak acid blank before isotope
ratio measurement that consisted of fifty 4-s integrations.
Typical instrument sensitivity was 12–20 V/ppm on 24Mg.
Sample solutions were diluted to 1±0.1 ppm for Mg to match
the concentrations of in-house standards that was constant at
and 1.0 ppm. Typical internal precision (2 standard error or
2SE) was better than ±0.04‰ for 26Mg/24Mg and ±0.02‰ for
25Mg/24Mg.
Potassium isotope ratios were measured on an IsoProbe

MC-ICP-MS at University of Wisconsin-Madison, using
instrument settings that have been detailed in Li et al. (2016).
The instrument was running at “wet-plasma” mode using
10 mL min−1 He as the collision gas and 6 mL min−1 D2 as
the reaction gas to remove interference of 40ArH+ on 41K+.
Typical sensitivity is to 1.5–2 V ppm−1 on 39K. A standard-
sample-standard bracketing routine was applied for K iso-
tope ratio measurement, against a 5 ppm in-house K stock
solution (UW-K). Sample solutions were diluted to match the
concentration of standard solution to better than ±10%. A 60
second on-peak acid blank was measured prior to each iso-
topic analysis of K solution, and was subtracted from the
analyte signal. Each K isotopic analysis consisted forty 5
second integrations. Internal precision for 41K/39K ratio
measurement of the method was better than ±0.07‰ (2SE),
mostly better than ±0.04‰ (2SE).

3.2.3 Data reporting, precision, and accuracy
Isotope compositions of Mg and K are all reported using the
standard per mil (‰) notation (δX=[Rsamp/Rstd−1]×1000),
where Rsamp and Rstd are isotope ratios of metals (e.g.,

26Mg/
24Mg, and 41K/39K) for samples and standards. DSM3 and
NIST SRM 3141a are used as the reference materials for data
reporting of Mg and K isotope ratios.
Based on repeat analysis of multiple international and in-

house standard solutions, long-term external reproducibility
(2 standard deviation or 2SD) is better than ±0.10‰ in δ26Mg
and ±0.05‰ in δ25Mg for Mg isotope measurements, and
±0.19‰ in δ41K for K isotope measurements (Appendix
Tables S1 and S2, https://link.springer.com). Accuracy of
isotope measurements for Mg and K were assessed by repeat
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analyses of international rock standards, seawater, and syn-
thetic samples with Mg or K of known isotopic composi-
tions, and are found to be comparable with the long-term
external reproducibility, and are better than ±0.10‰ for
δ26Mg and better than 0.19‰ for δ41K (Appendix Tables S1,
S2).

4. Results

4.1 Major elements and mineralogy of altered rocks in
the Dexing porphyry deposit

The altered rocks from the Dexing porphyry deposit show
large variations in major element concentrations (Figure 2;
Appendix Table S3). SiO2 contents in altered wall rock and
porphyry intrusion samples can be either higher or lower
than those in unaltered wall rock and granodiorite intrusion
as reported in literature (Zhu et al., 1983). Obvious decreases
in Al2O3 and Na2O contents of altered samples relative to
unaltered samples are observed in both porphyry intrusion
and wall rocks. Significant increase in Fe2O3 contents is
observed in both altered porphyry intrusion and wall rocks,
and wall rocks additionally show remarkable increases in
MgO and CaO contents. Generally, SiO2 of bulk altered
rocks from the Dexing porphyry deposits is negatively cor-
related with Fe2O3, MnO, MgO, and CaO, particularly for the
altered wall rock samples (Figure 2). Altered intrusion
samples show various degrees of depletion in MgO, CaO.
Finally, K2O contents in altered samples from both porphyry
intrusion and wall rocks cover a wide range that encapsulates
the K2O contents of unaltered intrusion and wall rocks.
Quartz, chlorite, mica, and illite are the main minerals that

are identified using bulk rock powder XRD analysis (Figure
3; Appendix Table S4). In addition, calcite and pyrite are also
found in some samples. Albite only occurs in porphyry in-
trusions. General positive correlations have been found be-
tween the (011) peak intensity of quartz and bulk SiO2

contents (Figure 3a), between the (002) peak intensity of
chlorite and bulk rock Fe2O3 contents (Figure 3b), between
albite (002) peak intensity and bulk rock Na2O contents
(Figure 3c), and between the XRD intensity of peak that
corresponds to d of 10 Å (illite or mica) and K2O contents
(Figure 3d).

4.2 Isotope results

There is a large variation in K isotope compositions of al-
tered rocks from the Dexing porphyry deposit. As shown in
Figure 4a, altered granodiorite porphyry intrusion samples
from two drill cores have δ41K values that range from
−0.46‰ to 0.38‰, which are similar or higher than that of
Bulk Silicate Earth value of −0.51‰ as proposed by Wang
and Jacobsen (2016), as well as the K isotopic baseline of

upper continental crust (−0.5±0.1‰) estimated from loess
samples (Li W Q et al., 2019). Notably, there is a trend of
increasing δ41K values with increasing elevations for sam-
ples at the interval between 30 m and 100 m along the drill
core No.211. At the same interval in drill core No.211, a
decreasing trend in bulk rock Na2O content (Figure 4c) and
an increasing trend in bulk rock Fe2O3 content (Figure 4d)
are identified as elevation increases.
In altered wall rocks, δ41K values both higher and lower

than igneous rocks are observed. Two altered wall rock
samples have δ41K values that are as low as −1.02‰ to
−0.90‰, whereas other wall rock samples have δ41K values
that range between −0.47‰ and −0.08‰ (Figure 4a). No
obvious correlation between K isotope compositions and
elevation is observed from the drill core No.804.
It should be stressed that excellent reproducibility of K

isotope analysis is confirmed by complete procedural re-
plicates (starting from new dissolution of the same rock
powders) that were done for most of the altered samples. The
majority (13 out of 16) of total procedural replicate K isotope
analyses are reproducible within ±0.1‰, and only 3 out of 16
replicate analyses are different from the original analysis by
0.15–0.17‰ (Appendix Table S4), but these pairs still
overlap within analytical errors. This implies that a total
external precision is a conservative estimate of the precision
and accuracy of K isotope data for this study.
A large Mg isotope variation is also observed from the

Dexing porphyry deposit (Figure 4b). Except for one sample
from the upper portion of drill core No.804 that have a low
δ26Mg of −0.40‰ to −0.49‰, all samples from the two drill
cores have δ26Mg that are consistent or higher than the bulk
silicate earth baseline value of −0.25‰ as defined by (Teng
et al., 2010). Overall the δ26Mg values vary between −0.49‰
and 0.32‰. There is no obvious trend of δ26Mg variation
along both drill cores (Figure 4b).

5. Discussion

5.1 Potassium isotope fractionation during hydro-
thermal alteration

Samples from the Dexing porphry deposit show a large
variation in δ41KNIST3144a values that covers a span of 1.4‰
(Figure 4). Such range is much greater than the K isotopic
difference between seawater and igneous rocks, which is
0.6‰ in 39K/41K ratios (Li et al., 2016; Wang and Jacobsen,
2016). Hydrothermally altered basalts from mid ocean ridges
have been found to have K isotope compositions that vary
between BSE and seawater values, which implies mixing of
K from igneous rocks and seawater (Parendo et al., 2017).
Such mixing mechanism, however, cannot explain the ob-
served K isotope variation in the Dexing porphyry deposit,
because porphyry systems are always hosted by continental
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crust where no seawater is involved (Seedorff et al., 2005).
Processes of K isotope fractionation are required to produce
such isotopic variation in the samples.
Diffusion has been proposed as a mechanism to explain the

large Li isotope variations in rocks have been intruded by a
pegmatite intrusion (Teng et al., 2006). More recently, K
isotope fractionation caused by diffusion of aqueous K in
soft marine sediment has also been reported (Santiago-Ra-
mos et al., 2018). However, neither K concentrations, nor K
isotope compositions in the studied samples show systematic
spatial variation patterns (Figure 4; Appendix Tables S3, S5),
which is inconsistent with the systematic concentration and
isotopic gradients as one would expect in a chemical diffu-
sion model (Santiago Ramos et al., 2018; Teng et al., 2006).
In porphyry systems, the main mode of elemental movement
is with hydrothermal fluids that commonly follow irregular
channels as evidenced by cross-cutting veins in the deposits
(Seedorff et al., 2005), these features also make diffusion
unlikely to play a significant role in porphyry deposits. By

contrast, the fact that the samples analyzed in this study are
from hydrothermal alteration zones suggests a link between
hydrothermal alteration and K isotope fractionation.
Hydrothermal alterations result in changes in minerals

assemblage and chemical compositions in rocks. There is no
uniform pattern of net K loss or gain during alterations of the
porphyry intrusion or wall rocks from the Dexing porphyry
deposit, as indicated in plots of bulk rock K2O contents
versus TiO2 contents, where altered samples scatter about the
fields of fresh rocks (Figure 5a and 5b). This attests to the
complexity and heterogeneity of hydrothermal alterations in
porphyry systems. Part of the complexity may be due to
concurrence of break-down of original K-bearing minerals
such as feldspars or biotite in fresh igneous rocks and for-
mation of new K-bearing minerals such as sericite or illite
(Pirajno, 2009; Putnis, 2009). A clear correlation is also
lacking in cross-plot of δ41KNIST3144a values versus K contents
(Figure 5c), supporting decoupling of K isotope fractionation
with whole-rock K mobility during hydrothermal alteration.

Figure 2 Cross plots of major element concentrations versus SiO2 contents in the altered samples from the Dexing porphyry deposit. For comparison,
compositions of fresh intrusion and wall rock samples reported by Zhu et al. (1983) are plotted as crosses and colored fields.
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The majority of the samples have δ41KNIST3144a values that are
higher than the bulk silicate Earth baseline (Figures 4a, 5c),
indicating preferential partitioning of heavy K isotopes into
altered rocks. However, there are two samples of altered wall

rocks that have distinctively low δ41KNIST3144a values (Figures
4a, 5c). Clearly, enrichment of both heavy and light K iso-
topes in the alteration products relative to crustal baseline
occurred within the same porphyry system during hydro-

Figure 3 Correlations between whole rock chemical compositions and whole rock XRD peak intensities for specific minerals.

Figure 4 Variation of δ41K (a) and δ26Mg (b) values, as well as Na2O (c) and Fe2O3 (d) contents of bulk drill core samples as a function of sample elevation.
The shaded areas in plots (a) and (b) denote the upper continental crust’s isotopic baseline for K (Li W Q et al., 2019) and Mg (Teng, 2017), respectively. For
details, see discussion.
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thermal alteration, this could be produced by the following
two possible mechanisms: (1) variations in K isotope frac-
tionation between minerals and fluids; (2) mineral pre-
cipitation from hydrothermal fluids that had distinct K
isotope compositions. These possible mechanisms are dis-
cussed as below.

5.1.1 Mineralogical control of K isotope fractionation
during water-rock interaction
Isotope fractionation during water-rock interaction theoreti-
cally could be controlled by the mineralogy of the solid
phase (Li et al., 2017); however, we suggest that mineralogy
is unlikely to cause fundamentally different Δ41Kmin-aq frac-

tionations during hydrothermal alteration in the Dexing
porphyry deposit. Mica-group phyllosilicates such as mus-
covite, phlogopite, and illite are the main K-bearing minerals
in altered rocks from the Dexing porphyry deposit (Zhu et
al., 1983), these minerals all have a characteristic strong X-
ray diffraction peak at d-values of around 10 Å (Figure 3d).
As shown in Figure 5d, the two altered wall rocks samples
with low δ41K values are characterized by high intensities of
10 Å peak for illite/mica, implying enrichment of light K
isotopes in the K-rich phyllosilicates in these two samples.
XRD analyses show that based on detailed analysis of the
XRD peaks at d-values around 2.6 Å, sub-types of K-mica
minerals including muscovite (d=2.56 Å for peak (130)) and

Figure 5 Cross plots of K2O versus TiO2 contents of bulk rock samples of porphyry intrusion (a), and wall rocks (b), and cross plots of δ
41K values of the

altered sample against K2O content (c), illite/mica 10 Å XRD peak intensity (d), and mica 2.6 Å peak intensity (e), as well as cross plots of 10 Å peak
intensity versus 2.6 Å peak intensity (f) for the altered samples. The shaded areas in plots (a) and (b) represent samples without significant K mobility; the
shaded bars in plots (c)–(e) denote the K isotope baseline for upper continental crust (Li W Q et al., 2019), for details, see discussion.
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phlogopite (d=2.62 Å for peak (130)) can be distinguished
(Weiss and Wiewiora, 1986). Among the two samples that
have very low δ41K values, one (sample 804-30) contains
only muscovite but no phlogopite, whereas the other (sample
804-13) contains both muscovite and phlogopite at a ratio of
1:2, as estimated from the relative intensity of (130) peaks
for the two micas (Figure 5e; Appendix Table S4). It should
be noted that only two samples from drill core No.804
contain phlogopite and the rest of the samples do not contain
phlogopite, and muscovite is the prevailing mica mineral
(Appendix Figure S1) in other samples.
There is a fundamental structural difference between

muscovite and phlogopite, as the former is a dioctahedral
mica and the latter is a trioctahedral mica (Bailey, 1984). If K
isotope fractionation during hydrothermal alteration of rocks
is mainly controlled by mineralogy of the mica, it is then
reasonable to expect the largest difference in Δ41Kmin-aq

fractionation factor to occur between the dioctahedral mus-
covite and trioctahedral phlogopite. The fact that the low
δ41K altered samples can contain either mostly muscovite or
phlogopite as the K-bearing phase does not support the mi-
neralogy control on K isotope fractionation, at least for the
case of the Dexing porphyry deposit. We acknowledge that at
the current stage, the above discussions on mineralogical
control of K isotope fractionation are speculative, and more
work is needed to investigate on this topic.

5.1.2 Metal speciation control of K isotope fractionation
during water-rock interaction
An alternative explanation for the large variation in δ41K of
altered rocks is that these samples interacted with hydro-
thermal fluids that were associated with very different
Δ41Kmin-aq fractionation factors. Speciation of metal ion in
aqueous solution affects fluid-mineral isotope fractionation
because significant isotope fractionations could exist be-
tween different species of metals in aqueous solutions or
vapor phases (Li et al., 2014; Schott et al., 2016; Seo et al.,
2007). In dilute solutions, K+ exists as free ions, and with the
presence of Cl−, K+ and Cl− could form ion pairs with an
association constant KA defined as KA=[KClaq]/[K

+][Cl−],
where [KClaq], [K

+], and [Cl−] are the activities of the re-
spective species in aqueous solution. Ion pair association
constant is strongly dependent on temperature and density of
the fluids. KA of KCl ion pair in aqueous solution increases
from 0.52–0.57 at 25°C (Chen and Pappu, 2007; Fennell et
al., 2009) to 9.3 at 300°C (Ho and Palmer, 1997). At su-
percritical conditions of above 374°C, KA of KCl ion pair in
fluids further increases by up to two orders of magnitude
with decreasing fluid density (He et al., 2017; Ho and Pal-
mer, 1997). Based on experimentally measured or theoreti-
cally calculated KA, K

+ aquo ion is the dominant species of
K+ in low-temperature, low-salinity aqueous solutions,
whereas KCl ion pair is the dominant species of K in hy-

drothermal fluids, particularly for the vapor-rich and high
salinity fluids that are typical in porphyry systems (Seedorff
et al., 2005; Sillitoe, 2010).
Fluid inclusion studies reveal that the main stage hydro-

thermal fluid in the Dexing porphyry deposit was dominantly
magmatic fluid with high salinity (Li and Sasaki, 2007), and
the fluids responsible for quartz-sericite alteration had a
temperature range of 275–425°C (Zhu et al., 1983), and KCl
ion pair is the main species of K in the fluids under these
conditions. If KCl ion pair enriches light K isotopes relative
to K-bearing phyllosilicates (positive Δ41Kmin-aq), then the
high δ41K signatures as observed from the majority of the
altered rocks could be produced in by interaction with the
high-temperature, high-salinity main stage hydrothermal
fluids. We note that this is at the current stage a hypothesis
that needs to be tested in future studies. By contrast, the two
low δ41K samples can be interpreted as products of a late
stage alteration, low-temperature and low-salinity fluid,
which had a different K speciation (K+ aquo ion) and en-
riched heavy K isotopes relative to K-bearing phyllosilicates.
The low-temperature, low-salinity fluid is consistent with a
recent H-O isotope study that indicated involvement of
meteoric water in the late stage hydrothermal activities in the
Dexing porphyry system (Pan et al., 2012). The hypothesis
of preferential partitioning of isotopically heavy K into low-
temperature low-salinity fluids relative to phyllosilicates
(negative Δ41Kmin-aq) is consistent with several observations
from supergene systems. Firstly, K in seawater is about 0.6‰
heavier than bulk silicate earth (Li et al., 2016; Wang and
Jacobsen, 2016), which most likely reflects a negative
Δ41Kmin-aq fractionation between phyllosilicates and aqueous
solution during continental weathering or clay formation in
oceans, because these are the main processes of global K
cycling. Furthermore, a negative Δ41Kmin-aq fractionation at
low temperature is also confirmed by the observation that
river water has δ41K value that is about 0.5‰ higher than the
clay deposits in the river (Li S L et al., 2019).

5.1.3 Evolution of K isotope composition in hydrothermal
fluids during water-rock interaction
In addition to differences in fluid speciation as discussed
above, difference in K isotope composition of the hydro-
thermal fluids is another potential cause of the measured
variation in δ41K of altered rocks. Extreme K isotope com-
positions of fluids may be produced by a Rayleigh process
that combines fluid movement, precipitation, and isotope
fractionation. For example, if light K isotopes are pre-
ferentially partitioned into aqueous solution relative to sec-
ondary phyllosilicates minerals, then a hydrothermal fluid
that is in equilibrium with altered mineral would have low
δ41K values. If such fluid is expelled outwards from the
porphyry center into wall rocks and precipitated as new K-
bearing phyllosilicates along its pathway, the fluid would
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have progressively lower δ41K values, and the highly evolved
fluid would result in low δ41K values in the phyllosilicates. A
similar process had been proposed to explain anomalously
low δ65Cu values of Cu sulfides from periphery zones around
porphyry intrusions from the Northparkes Cu-Au deposits,
SE Australia (Li et al., 2010).
It should be noted that Rayleigh processes can produce

only a small fraction of materials with extreme isotopic
compositions based on mass balance. The fact that only two
out of twenty-four samples from the Dexing porphyry de-
posit analyzed so far have low δ41K is consistent with the
isotope mass balance constraints of Rayleigh process. An
additional restriction of the Rayleigh model is that it requires
unidirectional precipitation of K, and is compatible with
adequate K isotope exchange between fluid and altered
rocks; otherwise the fluid will be buffered by the altered
rocks and cannot evolve isotopically. It is not known whether
such scenario is common in porphyry systems, but if hy-
drothermal fluids movement is channelized and long-lived,
as one can envision via hydrothermal veins and fractures,
then it is conceptually viable that the fluid can evolve iso-
topically without being buffered by the bulk wall rocks.
According to the net K precipitation requirement of the
Rayleigh model, isotopically evolved samples should have
net K gain, and this is consistent with the fact that the two
low δ41K samples have elevated K contents relative to fresh
wall rocks (Figure 5b and 5c). Therefore, we consider fluid
evolution as another possible mechanism for the variability
of K isotopes in porphyry deposits.

5.2 Magnesium isotope fractionation during hydro-
thermal alteration

Compared with K isotopes, the geochemistry of Mg isotopes
is better understood. Due to the well-established homo-
geneity of Mg isotopes in igneous rocks of normal origin,
and the lack of Mg isotope fractionation during magma
evolution (Teng, 2017; Teng et al., 2010), the large Mg
isotope variations observed in both porphyry intrusion and
wall rocks should also be produced by hydrothermal altera-
tion. Plots of MgO contents versus TiO2 contents clearly
show that Mg was lost from the porphyry intrusion during
hydrothermal alteration, whereas the altered wall rocks
gained Mg (Figure 6a and 6b), yet most of these alteration
products (with exception of only one sample) enriched in
heavy Mg isotopes by various degrees (Figures 4b, 6c–6e).
There is no clear correlation between δ26Mg values and Mg
contents in the bulk altered samples (Figure 6c), a situation
similar to K isotopes. The decoupling of elemental gain/loss
with isotopic fractionation of Mg suggests that Mg isotope
fractionation was not caused by kinetic effects or Rayleigh
effects during leaching or precipitation, but was caused by
thermodynamically driven partitioning of Mg isotopes be-

tween hydrothermal fluids and secondary minerals formed
during hydrothermal alteration.
Numerous studies on weathered rocks at low temperature

systems show that heavy Mg isotopes are preferentially
partitioned into secondary phyllosilicates relative to aqueous
solution (see review in Teng, 2017), and this is rooted in the
stronger Mg-O bonds in phyllosilicates than in Mg aquo ions
(Li et al., 2014). The fact that altered rocks from Dexing
porphyry deposit have higher δ26Mg than fresh igneous rocks
is also consistent with enrichment of heavy Mg isotopes into
secondary phyllosilicates (i.e., illite, chlorite, muscovite).
The maximum deviation of δ26Mg in altered rocks from the
igneous baseline value is about 0.57‰ (Figures 4, 6). For
comparison, hydrothermal experiments by Ryu et al. (2016)
show that Δ26Mgmin-aq fractionation factors between phyllo-
silicates and aqueous solutions reach 0.59‰ at 250°C, and
such fractionation factor is independent with phyllosilicate
structure (i.e., TO or TOT types). These evidences strongly
support that Mg isotope variation in porphyry deposits is
caused by preferential partitioning of heavy Mg isotopes into
the various alteration products of phyllosilicates relative to
Mg in hydrothermal solutions. Both chlorite and mica group
minerals contain Mg, but Mg content in chlorite is higher
than muscovite and illite (Zhu et al., 1983). The lack of
correlation between δ26Mg values and chlorite (002) XRD
peak intensity (Figure 6d) implies the Mg isotope variability
is unlikely to be controlled by chlorite abundance, an ob-
servation also consistent with Ryu et al. (2016) who sug-
gested insensitivity of phyllosilicate structure to Mg isotope
fractionation.
It should be noted that one altered porphyry intrusion

sample has δ26Mg that is lower than the igneous baseline.
XRD analysis indicates that there is no albite in this sample,
implying this sample has been strongly altered (Figure 6e).
The fact that this sample has anomalously low δ26Mg value
likely reflects activity of hydrothermal fluid that has a very
different Mg isotope composition from the main stage hy-
drothermal fluids.

5.3 Geological implications

This study demonstrates that significant Mg and K isotope
fractionations take place during hydrothermal alteration. In
addition, a general trend of isotope fractionation for K and
Mg during water-rock interactions can be summarized from
the Dexing porphyry deposit, that when phyllosilicate mi-
nerals occur as the main products of hydrothermal alteration,
they tend to enrich heavy K and Mg isotopes relative to un-
altered rocks (Figure 7). However, this study also confirms
that a proportion of samples in the porphyry deposits that
have anomalous K and Mg isotope compositions, yet mi-
neralogy of phyllosilicate is unlikely to be the main cause of
anomalously low δ26Mg and δ41K values of the alteration
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rocks. Alternatively, these signatures most likely reflect
activities of hydrothermal fluids that are different from the
main stage hydrothermal fluids in porphyry systems. The
fluids could produce abnormal K and Mg isotope sig-
natures in alteration products either due to the different
physical property (i.e., salinity and temperature) that con-
trols isotope fractionation, or due to distinct isotopic sig-
natures of the fluids produced by fluid evolution. In light of
this, three types of hydrothermal fluids can be dis-
tinguished from the Dexing porphyry deposit based on the
cross plot of δ26Mg versus δ41K (Figure 7). Therefore, Mg
and K isotopes in altered rocks can be used as novel tracers
for fingerprinting water-rock interactions at elevated tem-
peratures in complex hydrothermal systems such as por-
phyry deposits.

6. Conclusions

Large K isotope variation is observed in bulk rock samples
from the Dexing porphyry deposit in China, where hydro-
thermally altered rocks have a δ41K range of −1.02‰ to
0.38‰, in addition, these samples also show remarkably
δ26Mg variation, which ranges between −0.49‰ and 0.32‰.
The altered samples tend to enrich heavy K and Mg isotopes
relative to unaltered igneous rocks, which are interpreted to
reflect preferential incorporation of heavy K and Mg iso-
topes in alteration products of phyllosilicates. However, a
small proportion of altered samples show anomalously low
δ41K and δ26Mg values. The K and Mg isotope variability of
altered samples is not correlated with elemental mobility or
mineralogy of the alteration product. We argue that the

Figure 6 Cross plots of MgO versus TiO2 contents of bulk rock samples of porphyry intrusion (a), and wall rocks (b), and cross plots of δ
26Mg values of the

altered sample against MgO content (c), chlorite (002) XRD peak intensity (d), and albite (002) peak intensity (e). The shaded areas in plots (a) and (b)
represent samples without significant Mg mobility, the shaded bars in plots (c)–(e) denote the Mg isotope baseline for upper continental crust (Teng, 2017),
for details, see discussion.
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variations in δ41K and δ26Mg values in altered rocks were
produced by activities of different fluids that were either
associated with different K and Mg isotope fractionation
factors due to different physical-chemical properties, or with
very evolved isotopic compositions by Rayleigh processes.
Therefore, K and Mg isotopes of altered rocks could be used
as a novel tracer for fingerprinting different fluids in com-
plex hydrothermal systems.
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