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ABSTRACT
Serpentinization is a widespread process that affects large-scale geodynamic processes 

along plate boundaries, including continental breakup, seafloor spreading, and subduction. 
Documenting the timing of serpentinization is critical for our understanding of these processes, 
but direct dating of serpentinites has been challenging or impossible. We present the first 
application of magnetite (U-Th)/He chronometry to date stages of alteration and cooling in 
ultramafic rocks. In order to demonstrate the viability of magnetite He dating in these litholo-
gies, magnetite ages were obtained from two ultramafic lithologies of the Kampos mélange 
belt, a high-pressure–low-temperature subduction complex on the island of Syros, Greece. 
Magnetite (U-Th)/He measurements of internal fragments from large grains within a chlorite 
schist and a serpentinite record Miocene exhumation-related cooling ages, whereas smaller 
grains from the serpentinite record mineral growth associated with hydrothermal fluid flow 
along Pliocene normal faults. These age results with magnetite trace element geochemistry 
reveal evidence for multiple episodes of fluid-rock alteration, which has implications for 
the cooling history and local geochemical exchanges of this high-pressure–low-temperature 
terrane. This method provides a new tool that may be expanded to investigate the processes 
and time scales of serpentinization from a variety of tectonic settings.

INTRODUCTION
Serpentinization, the hydration of peridotite, 

has a profound effect on geological processes 
such as deformation of the lithosphere and geo-
chemical cycling, and on the evolution of early 
life (Escartín et al., 2001; Kodolanyi et al., 2012; 
Sleep et al., 2011). Although numerous studies 
have investigated the petrology (e.g., Coleman, 
1971; Evans, 2008), structure (e.g., Auzende et 
al., 2015), and geochemistry (e.g., Deschamps et 
al., 2013) of serpentinites, the absolute chronol-
ogy of serpentinization remains elusive due to 
a lack of common accessory minerals that can 
be dated using established techniques. Only in 
rare cases have absolute ages for serpentinites 
been obtained, e.g., via hydrothermal zircons 
in blackwall zones (Dubińska et al., 2004). The 
majority of temporal constraints on serpentinites 
are inferred from crosscutting intrusions (Jag-
outz et al., 2007) or overlying sediments (Bill et 
al., 2001). The ability to determine the timing of 
serpentinization and the age of serpentinites is 
critical to decipher progressive hydration events 
and the time scales of elemental recycling in 
tectonic and geochemical processes.

This study presents a novel approach to 
constrain the timing of cooling of exhumed 
ultra mafic rocks and the low-temperature fluid 
alteration of serpentinites by dating magnetite. 
Magnetite occurs as a secondary mineral in ser-
pentinites from the fluid-induced breakdown 
of Fe-bearing peridotite minerals (Bach et al., 
2006; Burkhard, 1993). Magnetite may form 

either directly from the interaction of olivine 
and water to produce serpentine and magnetite 
(Evans, 2008) or during secondary reactions that 
extract Fe from early formed Fe-rich serpentine 
and brucite (Bach et al., 2006; Schwarzenbach 
et al., 2016). While debated, magnetite growth 
likely does not occur until >30% of the peridotite 
is serpentinized, at temperatures between 200 
and 300 °C (Klein et al., 2014; Oufi et al., 2002). 
Modal abundances of magnetite vary in seafloor 
serpentinites from <1 wt% to 6 wt%, and gen-
erally decrease in antigorite-bearing subducted 
serpentinites (Debret et al., 2014; Evans, 2010).

Blackburn et al. (2007) demonstrated the via-
bility of magnetite (U-Th)/He (MgHe) to mea-
sure eruption ages in mafic volcanic rocks. Very 
low parent nuclide concentrations (parts per bil-
lion) in ultramafic magnetite commonly require 
combining multiple grains for robust analytical 
precision. He implantation from matrix U and 
Th require removal of the grain’s outer 20 µm, 
limiting usable grain size to ≥60 µm. MgHe has 
a nominal He closure temperature (Tc) of 250 
± 40 °C, assuming a 10 °C/m.y. cooling rate 
based on step-heating diffusion experiments on 
500 µm internal fragments from kimberlitic mag-
netite. Given these published He diffusion kinet-
ics and the size range of datable magnetite in 
ultramafic rocks, the nominal Tc may vary from 
215 °C for 60 µm to 280 °C for 2 mm grain sizes.

Thus, provided sufficiently large grains are 
available, this technique has the potential to date 
magnetite-forming reactions in low-temperature 

serpentinization environments, or the cooling 
age of magnetite grains that formed, or were 
reheated, at high temperatures. To demonstrate 
the feasibility of this technique we apply it to 
ultramafic lithologies from the Kampos belt, an 
exhumed high-pressure–low-temperature sub-
duction complex on the Cycladic island of Syros, 
Greece. Kampos has widely been used to study 
chemical and mineralogical processes that occur 
during subduction near the slab-mantle interface 
(e.g., Breeding et al., 2004). However, in order 
to properly interpret measured geochemical 
trends it is critical to understand the timing of 
alteration events and mineral growth. This study 
uses magnetite trace element geochemistry to 
distinguish between multiple episodes of mag-
netite growth, and MgHe dating to determine 
the timing of alteration and cooling events in 
serpentinites.

GEOLOGIC BACKGROUND AND 
SAMPLE DESCRIPTION

The Kampos belt is a mélange zone com-
posed of subducted Cretaceous oceanic crustal 
blocks encased in a serpentinized ultramafic 
matrix (Bröcker and Enders, 2001; Seck et al., 
1996) (Fig. 1). Localized metasomatism with 
modeled temperatures of 400–430 °C resulted in 
chlorite-rich blackwall alteration zones between 
ultramafic and mafic lithologies (Marschall et 
al., 2006). Euhedral magnetite grains were col-
lected from two distinct matrix lithologies, a 
chlorite schist and a talc-rich, sheared serpen-
tinite (Fig. 1). The chlorite schist represents a 
sample of blackwall-altered mélange matrix 
containing large (millimeters) euhedral magne-
tite, whereas the serpentinite sample comes from 
a shear zone and is characterized by a range in 
magnetite grain sizes (micrometers to millime-
ters) in association with sheared talc.

The thermal history of the island of Syros, 
Greece, is well constrained by multiple chro-
nometers. The island underwent blueschist to 
eclogite facies metamorphism in the Eocene; 
peak temperatures of 450–500 °C are con-
strained by garnet Lu-Hf (ca. 52 Ma) (Lagos et 
al., 2007; Ridley, 1984). Peak metamorphism 
was followed by subduction channel exhuma-
tion in the Oligocene–Miocene, constrained by 
Ar/Ar cooling ages (ca. 40–20 Ma) (Bröcker 
et al., 2013; Maluski et al., 1987); backarc 

GEOLOGY, November 2016; v. 44; no. 11; p. 1–4 | Data Repository item 2016329 | doi:10.1130/G38587.1 | Published online XX Month 2016

© 2016 Geological Society of America. For permission to copy, contact editing@geosociety.org.



2 www.gsapubs.org | Volume 44 | Number 11 | GEOLOGY

extension is constrained by zircon (U-Th)/He 
and apatite fission-track ages (ca. 10–8 Ma) 
(Ring et al., 2003; Soukis and Stockli, 2013). 
Late-stage, northwest-trending brittle normal 
faults postdate Miocene detachment faulting and 
are thought to have been active since ca. 5 Ma 
(Gautier et al., 1999).

ANALTYICAL PROCEDURE
In contrast to the procedure established for 

basaltic magnetite geochronology (Blackburn et 
al., 2007), ultramafic magnetite required careful 
pre-analysis screening by textural (grain size, 
morphology) and geochemical characteriza-
tion to distinguish between potential magnetite 
populations. Thin sections cut in magnetite-rich 
zones were used to determine grain size and the 
petrographic relationship of magnetite with sur-
rounding phases. Magnetite trace elements were 
determined on the thin sections using random 
spot analysis and spot transects across 23 grains 
via laser ablation–inductively coupled plasma–
mass spectrometry (LA-ICP-MS).

For MgHe analyses, individual magnetite 
grains were picked after hand-magnet separa-
tion from crushed whole-rock samples. Euhe-
dral magnetite grains from the chlorite schist 
(millimeters) and serpentinite (micrometers to 
millimeters) were either crushed (if millimeter 
size or larger) or physically air abraded for ~4 
h at 6 PSI (if <1 mm) to remove He implanted 
by U, Th, and Sm from the surrounding matrix. 
Internal magnetite fragments and abraded grains 
were scanned by high-resolution X-ray com-
puted tomography (CT) at a spatial resolution of 

~6 µm to exclude magnetite with inclusions and 
matrix intergrowths, which can cause complex 

He zoning or fast He diffusion pathways from 
the crystal.

As much as 2 mg of 2–7 fragments or abraded 
grains were combined for each aliquot. In order 
to avoid mixing magnetite populations, multi-
grain aliquots included fragments from a single, 
large, magnetite grain when possible, or multiple 
abraded grains of approximately the same size, 
although this may be a source for age dispersion. 
Detailed procedures for grain selection, screen-
ing, and mass spectrometry analyses are avail-
able in the GSA Data Repository1.

RESULTS
Chlorite schist magnetite aliquots (n = 7) 

constructed with fragments from ≥2 mm grains 
yield ages from 21 to 13 Ma with a mean age 
of 16.0 ± 3.3 Ma (1s) (Fig. 2). Three aliquots 
that yielded ages older than 30 Ma are not 
included in the mean age. While larger grains 
have a higher effective Tc and can result in 
older ages, we consider it unlikely in this sam-
ple because the analyzed grains were of simi-
lar sizes. Instead, the cause is likely analytical, 
resulting from insufficient removal of parent-
less He implanted into the analyzed fragments, 
or incomplete dissolution of high U, Th, or Sm 

1 GSA Data Repository item 2016329, analytical 
methods for magnetite sample preparation, magne-
tite (U-Th)/He and LA-ICP-MS analyses, Tables DR1 
and DR2 (analytical results), and Figures DR1–DR3 
(additional LA-ICP-MS transect plots, photomicro-
graphs of both samples, and CT data rendering of mag-
netite grains), is available online at www .geosociety 
.org /pubs /ft2016.htm, or on request from editing@
geosociety.org.

inclusions not detected by CT scanning (such as 
<6 µm zircons, which are present in the sample).

In the serpentinite sample, MgHe ages vary 
by grain size. Fragments from a ≥2 mm grain 
(n = 3) yield ages that range between ca. 15 and 
7 Ma, whereas multigrain aliquots (n = 9) com-
posed of 300–600 µm grains yield reproduc-
ible ages with a mean age of 3.1 ± 0.7 Ma (1s) 
(Fig. 2). Elemental analyses of serpentinite mag-
netite grains by LA-ICP-MS on thin sections 
show positive trends in grain size and concen-
trations of Mg, Al, Ti, and V (Fig. 3); grains ≥2 
mm exhibit significantly higher concentrations 
of these elements than grains ≤600 µm. LA-ICP-
MS transects across seven large grains (>700 
µm) reveal distinct, although variable, chemi-
cal zoning in Mg, Ti, and V (Al not measured) 
with depleted rim concentrations similar to the 
measured ≤600 µm grains (Fig. 3).

AGE INTERPRETATIONS AND 
IMPLICATIONS

Mineralogical and textural relationships show 
that magnetite formed in the chlorite schist dur-
ing blackwall alteration, which occurred at ele-
vated temperatures of 400–430 °C (Marschall et 
al., 2006; Miller et al., 2009). The lack of evi-
dence for overprinting by low-temperature alter-
ation and the uniformity of magnetite grain size 
support the notion of a single magnetite growth 
episode. Given that magnetite growth occurred 
at temperatures well in excess of the nominal 
magnetite He Tc, we interpret these as ca. 16 Ma 
MgHe cooling ages (Fig. 4). This interpretation 
is supported by lower temperature chronometers 
[apatite fission-track and zircon (U-Th)/He] that 
indicate cooling below 200 °C since ca. 10 Ma 
(Ring et al., 2003; Soukis and Stockli, 2013).

In contrast to the chlorite schist, the serpen-
tinite contains two magnetite populations dis-
tinguishable by grain size, chemistry, and age. 
Trace element concentrations reveal evidence 
for two magnetite growth events. Large magne-
tite grains (millimeter size or larger) have higher 
concentrations of Mg, Al, Ti, and V, consistent 
with these grains forming when such elements 
were mobilized, likely during the blackwall-
related fluid alteration event recorded in the 
chlorite schist magnetite. Despite these elements 
being relatively fluid immobile, the steep con-
centration gradients between juxtaposed mafic 
and ultramafic lithologies during blackwall reac-
tions promote elemental redistribution of Mg, 
Al, Ti, and V (Miller et al., 2009; Pogge von 
Strandmann et al., 2015), which can be parti-
tioned into hydrothermally formed magnetite 
(Nadoll et al., 2014). Grain transects, however, 
reveal that the rims of large magnetite grains 
(>700 µm) do not show the same blackwall-
related elemental enrichment, and suggest sec-
ondary magnetite overgrowth. This overgrowth 
is chemically similar to the measured composi-
tions of the ≤600 µm magnetite grains, which 
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Figure 1. Simplified geologic map of Syros 
(Greece) with sample locations. Sample 
locations are ~1 km apart: chlorite schist 
(37.493528°N, 24.909838°E) and serpentinite 
(37.490192°N, 24.901703°E). Modified from 
Keiter et al. (2004).

Figure 2. Magnetite (U-Th)/He (MgHe) age 
results. Vertical error bars show propagated 
analytical error. Left column shows results for 
internal fragments from large grains (≥2 mm) 
sourced from the chlorite schist and ser-
pentinite. Right column shows results for 
300–600 µm grains, found exclusively in the 
serpentinite (open circles). Zircon (U-Th)/He 
ages constrain the timing of extension and 
cooling below 180 °C (upper gray box) (Soukis 
and Stockli, 2013). Recent faulting (lower gray 
box) is constrained by field relationships 
(Keiter et al., 2004).
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also lack blackwall-related trace element sig-
natures. Therefore, both the overgrowth and the 
smaller size magnetite are likely the result of a 
secondary younger magnetite formation event 
that postdated blackwall alteration.

MgHe ages from the serpentinite confirm 
episodic magnetite growth revealed by the 
chemical and textural analyses. Magnetite trace 
elements in large grains support an initial mag-
netite growth event during blackwall alteration 
at >400 °C; this implies that some grains grew 
above the MgHe Tc. Fragments from a millime-
ter-sized grain in the serpentinite, however, show 
significant age dispersion (15–7 Ma) between 
the timing of cooling of magnetite in the chlo-
rite schist ca. 16 Ma and small magnetite grain 
formation in the serpentinite at ca. 3 Ma, sug-
gesting that these aliquots represent a mixture 
of older cores and younger overgrowth zones, 
resulting in mixed ages.

The Pliocene population in the serpentinite is 
associated exclusively with smaller grains (300–
600 µm) within the sample that do not show pro-
nounced trace element signatures of blackwall 
alteration fluids. These ages very likely repre-
sent growth, and not cooling, because they are 

significantly younger than Miocene He ages for 
zircon from Syros, which has a lower Tc than the 
analyzed magnetite (Soukis and Stockli, 2013). 
Furthermore, the difference in effective Tc for 
the two grain size populations is only ~40 °C 
(~245–285 °C), based on the published He dif-
fusion kinetics (Blackburn et al., 2007), imply-
ing that the age is not the product of localized 
reheating. The trace element geochemistry of 
the smaller magnetite grains does not show the 
same signatures as those that grew during black-
wall formation, supporting the interpretation that 
they formed after these elements were no longer 
available.

The younger MgHe ages date an episode of 
serpentinization during fluid flow in brittle shear 
zones associated with normal faulting at tem-
peratures insufficient to thermally reset the He 
age of the larger preexisting magnetite. These 
ages provide the first direct constraint on the 
timing of normal faulting that was previously 
dated as Pliocene on the basis of regional tecton-
ics (Keiter et al., 2004). This localized low-tem-
perature alteration has the potential to overprint 
earlier geochemical signatures and thus must 
be carefully considered in studies that use the 
Kampos location as a proxy for geochemical 
cycling in subduction zone processes.

APPLICATIONS AND LIMITATIONS 
OF MAGNETITE DATING IN 
SERPENTINITES

This study demonstrates the feasibility of 
MgHe dating as a reliable thermochronometer 
and geochronometer with the ability to differen-
tiate distinctive cooling and alteration episodes 
in ultramafic rocks. Furthermore, the method-
ology allows direct dating of magnetite forma-
tion in response to low-temperature alteration 
and tectonic shearing in serpentinites. Given the 
fundamental impact of serpentinization on a vast 
array of tectonic, petrological, and geochemical 
processes, the ability to differentiate and date 
these alteration events can be used to address 
significant questions related to serpentinization 
in exhumed subduction complexes, continental 
margins, or obducted ophiolites.

Using the current methodology, the primary 
limitations of MgHe dating are the availability of 
pure, nonskeletal magnetite grains of sufficient 
size due to low parent nuclide concentrations 
(parts per billion), requiring 0.5–1 mg aliquot 
sizes, and the necessity for abrasion to remove 
matrix implanted He. As a consequence, dating of 
small magnetite grains may prevent single-grain 
analyses and require combining multiple magne-
tite grains and/or fragments, which can lead to 
mixed age populations. Thus, before constructing 
multigrain aliquots for dating, careful petrologic 
and geochemical characterization must be done 
to ensure that grains are related to the same for-
mation or alteration event. Such characterization 
is critical, because alteration of ultramafic rocks 
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Figure 3. Magnetite trace element chemis-
try determined by laser ablation–inductively 
coupled plasma–mass spectrometry on 
thin sections from the serpentinite sample. 
A–D: Al, Mg, V, and Ti concentrations plot-
ted against grain size. Symbols represent the 
average of multiple laser spots (n = 1–11) on a 
single grain (largest grain is 5.5 mm). E: Grain 
transect plot of Mg, V, and Ti concentrations 
(Al not measured). Each point represents a 
laser spot analysis. Depleted rims are inter-
preted as overgrowths associated with the 
formation of the smaller, younger magnetite 
grains in the sample.

Figure 4. Interpreted two-stage magnetite 
growth based on trace element chemistry 
and magnetite (U-Th)/He (MgHe) age recorded 
in the serpentinite. Top: Initial magnetite 
formation during blackwall alteration at tem-
peratures higher than the magnetite closure 
temperature Tc. Bottom: Secondary magnetite 
grain and overgrowth formation, likely associ-
ated with Pliocene normal faulting.
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can be multistaged and long-lived. In addition, as 
the effective Tc of He dating is dependent on grain 
size and cooling rate, it is important to constrain 
the temperature of serpentinization or the thermal 
history of the unit. Future studies can determine 
whether magnetite formation occurred at temper-
atures above or below the MgHe Tc through mul-
timineral thermochronometry, regional pressure-
temperature-time constraints, serpentine phase 
relationships, or oxygen isotope magnetite-ser-
pentine thermometry.
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