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Despite the recent development in radiometric dating of numerous zircons by LA-ICPMS, mineral sep-
aration still remains a major obstacle, particularly in the search for the oldest material on Earth. To
improve the efficiency in zircon separation by an order of magnitude, we have designed/developed a new
machine e an automatic zircon separator (AZS). This is designed particularly for automatic pick-up of
100 mm-sized zircon grains out of a heavy mineral fraction after conventional separation procedures. The
AZS operates in three modes: (1) image processing to choose targeted individual zircon grains out of all
heavy minerals spread on a tray, (2) automatic capturing of the individual zircon grains with micro-
tweezers, and (3) placing them one-by-one in a coordinated alignment on a receiving tray. The auto-
matic capturing was designed/created for continuous mineral selecting without human presence for
many hours. This software also enables the registration of each separated zircon grain for dating, by
recording digital photo-image, optical (color) indices, and coordinates on a receiving tray. We developed
two new approaches for the dating; i.e. (1) direct dating of zircons selected by LA-ICPMS without con-
ventional resin-mounting/polishing, (2) high speed U-Pb dating, combined with conventional sample
preparation procedures using the new equipment with multiple-ion counting detectors (LA-MIC-ICPMS).
With the first approach, Pb-Pb ages obtained from the surface of a mineral were crosschecked with the
interior of the same grain after resin-mounting/polishing. With the second approach, the amount of time
required for dating one zircon grain is ca. 20 s, and a sample throughput of >150 grains per hour can be
achieved with sufficient precision (ca. 0.5%).

We tested the practical efficiency of the AZS, by analyzing an Archean Jack Hills conglomerate in
Western Australia with the known oldest (>4.3 Ga) zircon on Earth. Preliminary results are positive; we
were able to obtain more than 194 zircons that are over 4.0 Ga out of ca. 3800 checked grains, and 9
grains were over 4300 Ma with the oldest at 4371 � 7 Ma. This separation system by AZS, combined with
the new approaches, guarantees much higher yield in the hunt for old zircons.

� 2017, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
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1. Introduction

Zircon geochronology is a tremendous addition to the panoply
of research techniques in the investigation of igneous, sedimentary
andmetamorphic rocks. In addition to the latest highly-tuned Nano
secondary ion mass spectrometer (Nano-SIMS) and sensitive high-
resolution ion-microprobe (SHRIMP) instruments, well-developed
laser ablation inductively-coupled plasma mass spectrometry
(LA-ICPMS) has dramatically enhanced the determination of min-
eral/rock ages, and the ability to handle numerous mineral grains
(e.g., Iizuka and Hirata, 2004); these new techniques have changed
the style of research in geosciences in the last decade. Despite such
improvements in dating techniques per se, mineral separation still
remains a major obstacle because it requires enormous amounts of
time and human effort. Crushing rocks, sieving, panning, and heavy
liquid/magnetic treatments are the conventional procedures for
mineral separation, and the hardest part is the final hand-picking of
individual grains under the microscope. When we look for rare
material, such as the oldest zircon on Earth, efficient and accurate
separation of mineral grains is essential but may be difficult, even
for well-trained researchers who may misidentify minerals and
overlook small-sized targets.

In order to enhance the efficiency in mineral separation by an
order of magnitude, and to emancipate many researchers from
painstaking, time-consuming work, we have designed and devel-
oped a new separation system specifically customized for zircons,
i.e. an automatic zircon separator (AZS). This AZS machine is
designed for the automatic separation of 100 mm-sized individual
zircon grains from a condensed mineral fraction after conventional
separation procedures. We have modified a micromanipulator
machine originally designed for picking upmicroscopic objects and
relevant image-processing software, and thus have assembled a
proto-type AZS (Fig. 1A) to test its practical efficiency.

The preliminary results are positive, as we have been able to
reliably separate particular target minerals with this new machine.
For a preliminary test, we analyzed the heavy mineral fraction of
the well-known 3.0 Ga conglomerate from the Narryer gneiss
complex in Western Australia, which contains the oldest zircons
(>4.3 Ga) ever reported on Earth (Wilde et al., 2001). Still under
progress, this machine likely provides a promising new tool for all
Figure 1. The automatic zircon separator (AZS). (A) The main body of the machi
zircon seekers. This article briefly reports the results of our first
attempt. More detailed descriptions and geological implications of
our new Hadean zircons will be reported in a sister article else-
where by S. Yamamoto and others.

2. Automatic zircon separator (AZS)

2.1. Basic concept

The new zircon separation system (AZS; Fig. 1A) operates in
three functions: i.e. (1) optical recognition of targeted mineral
grains on a tray with randomly scattered heavy minerals, (2) me-
chanical capturing of individual grains one by one, and (3) placing
and aligning the captured grains on a receiving tray with registered
coordinates. The first function is an application of pre-existing
image-processing software, which we have further customized it
for a particular mineral (e.g. zircon) by adding more specific con-
straints on optical characteristics (color, transparency, reflectance
etc.) and the external morphology of mineral grains on the basis of
our empirical knowledge of hand-picking procedures. The second
and third functions also come from the modification of the
micromanipulator, which is designed for capturing microscopic
small-objects with a built-in digital microscope connected to a
monitor screen of a desktop computer and with a mechanical
micro-tweezer (vacuum-driven fine tube) (Fig. 1B). For the me-
chanical motion of the AZSmachine and its procedure, readers may
find a good analogy in the so-called “crane game machine” for
capturing reward bunny-dolls in amusement parks, although
obviously the size is larger.

2.2. Specification

The basic framework of the AZS machine is a micromanipulator
system (Axis Pro�, MicroSupport Co.), which was primarily
designed for picking up small objects grain-by-grain with a semi-
manual control on a monitor screen. Users can manipulate the tip
of the tweezers in enlarged images on the monitor screen. For
capturing/releasing grains, a vacuum tweezer is used as an inter-
locking device (Fig. 1B). To complement these mechanical
ne with an arm of microtweezers, (B) enlarged image of the microtweesers.
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operations, a software for optical recognition/image processing is
already available (Contami-Analyzer�, Mitani Corporation). We
have customized the micromanipulator together with this software
into a more zircon-specific version. By adding discrimination
criteria for the empirically known common characteristics of zir-
cons, such as color, reflectance, surface texture, shape, roundness/
aspect ratio etc., the image-processing software is capable of
identifying zircon-like objects. The final identification by the soft-
ware has proven to be highly reliable; however, the final capturing
rate has not yet reached 100%, mainly due to grain irregularities,
such as crystal breakage, color heterogeneity, and surface
smoothness with respect to lighting angles etc. Nonetheless, the
high reliability of the system is getting closer to the level of human
eye-recognition.

A mineral separating procedure with this system is performed
as follows. First, we scatter randomly mineral grains from a
condensed heavy mineral fraction on an acrylic plate
(50 mm � 100 mm), avoiding any grain overlaps.

The area on the plate with mineral grains is separated into
multiple grids on the monitor screen (Fig. 2), and for each grid, the
systemwill check a photo image of each individual grain one by one
with respect to the reference values of the optical characteristics of
registered zircons. Grains identified as zircons by this image
screening are registered first for each grid and illustrated individ-
ually in a thumbnail photo with an ID number on the monitor
(Fig. 3). After this first-round screening, we can easily evaluate the
validity of the image-selected grains by observing their thumbnail
images on the monitor. At this stage, wrongly selected grains are
screened out, if necessary.

When the selection of grains is fixed for one sample, we can
move onto the mechanical picking of zircons with the micro-
tweezer (Fig. 1B). The movement of a microtweezer per se is two-
fold; a vertical motion from the rest position to the horizon of the
targeted grain for the pick-up and vice versa, and a small-scale
horizontal motion for actual capturing/releasing of grains over
short distances. For carrying the captured grain, the horizontal
Figure 2. Image processing of target zircons by the AZS system on the monitor screen of the
target tray (made of acryl), which are scanned by the image processer to identify zircon gra
stage of the microscope itself moves horizontally between the tray
with randomly scattered grains and the receiving tray with only the
selected/aligned zircon grains. The receiving tray will catch the
transported grains with adhesive tape on surface.

The big advantage of the new separation system is the contin-
uous automated pick up or placing of numerous grains without
much human involvement. Nonetheless, we emphasize that the
best part of this machine is in the resulting organized alignment of
captured grains with equal spacing on a receiving tray with a
registered number and photo image of each grain (Fig. 4).

3. Preliminary attempt

3.1. Material

For the preliminary test of the reliability of the AZS system, we
examined the ca. 3.0 Ga Jack Hills meta-conglomerate of the
Narryer gneiss complex in the Yilgarn craton, Western Australia,
which is well known for the occurrence of the oldest (ca. 4.40 Ga)
zircons on Earth (Wilde et al., 2001). Sample EH19 was collected
from an outcrop on Eranondoo Hill, near the discovery site of the
oldest zircon (W74; Holden et al., 2009) in the Jack Hills supra-
crustal belt. About 5 kg of meta-conglomerate was processed by
conventional mineral separation techniques, i.e., crushing, sieving,
panning, heavy liquid- and magnetic-separation, in the laboratory
of the University of Tokyo at Komaba. For the present pilot study,
we used a heavy mineral fraction that was put through a sieving
cloth with a 150 mm opening. The heavy mineral fractions usually
include not only zircons but other heavy minerals with similar
physical properties. The AZS machine collected zircons and zircon-
like minerals from the condensed fraction of heavy mineral grains,
mostly of 50e100 mm size.

In the heavy mineral fraction from the pilot sample (EH19),
zircons occupied merely 60% of the captured grains (Fig. 2). For
identifying/sorting out non-zircon minerals contained in the
AZS machine. Heavy mineral grains including target zircons are randomly scattered on a
ins. Samples are all from 3.0 Ga Jack Hills meta-conglomerate from Western Australia.



Figure 3. Thumbnail photo images of identified/registered zircon grains appearing on a monitor screen of the AZS machine. These images are recorded before the pick-up of zircon
grains and the relocation from a target tray to capture tray.

Figure 4. Organized alignment of selected zircon-like grains on a capture tray after transferring from a target tray. This image shows nearly 10,000 zircon grains systematically
aligned on a target tray.
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fraction, the next stepwas to use the signal intensity of Si, P, Ti, Fe, Y,
and Zr of individual grains briefly monitored by LA-ICPMS. This
analysis of the above elements, except for the Pb isotope ratio, is
highly simplified and cannot be quantitatively accurate; nonethe-
less, the measured intensity is useful for knowing which elements
are the major constituents of the measured grains. Consequently,
this analysis is able to identify zircons and discriminate between
other heavy minerals, such as rutile, monazite, and baddelyite in
the heavy mineral fraction, as will be mentioned below.
3.2. Double-step dating: pre-dating and main dating

To identify zircons under the microscope, we empirically focus
on color, reflectance and/or the shape of individual crystal grains.
Through numerous pick-up processes, we have learnt that deep
violet grains commonly yield relatively old, early Archean to Ha-
dean radiometric ages. This color tendency is probably the result of
accumulated fissions made by the decay of radiogenic uranium and
thorium. Nonetheless, these criteria are often imperfect, owing to
the various irregularities of themineral grains. In fact, someHadean
grains are almost colorless; and some external features (crystal
breakage, aspect ratio, surface smoothness etc.) vary considerably.
In spite of the conventional manual pick-up, the newly designed
separator cannot completely overcome these obstacles. Thus, even
for the selected zircon fraction after the machine pick-up, we need
to purify older grains by screening out younger ones as far as
possible.

In order to preferentially collect older zircons, we introduced a
new approach; that is direct Pb-Pb dating of the zircon surface by
LA-ICPMS without any conventional preparation, e.g., mounting in
resin and surface polishing, for observing internal textures (within-
crystal core-rim relations and oscillatory zoning) using cath-
odoluminescence (CL). This measurement can obtain just the crude
Pb isotope ratios in the surface area of zircons with a low degree of
accuracy; however, using a quick scan by LA-ICPMS of multiple
grains from the machine-selected zircon fraction, we can get guide
signals particularly of potentially old zircons with higher
207Pb/206Pb ratios. After this quick selection, we can measure more
precisely the Pb-Pb ages just of the identified promising zircons
with a more sophisticated procedure we normally use for dating.

Zircon grains used for the analysis were attached on adhesive
tape to a pyrex glass through the machine specification process.
Then, the isotopic composition of Pb near the surface area of each
grain was measured by LA-ICP-MS. There are both advantages and
disadvantages of this approach, compared with normal in-situ U-Pb
dating using a LA-ICP-MS. By skipping the mounting and polishing
procedures, it is possible to shorten the total time required for the
sample preparation. More importantly, the loss of material caused
by surface polishing can be avoided with this method. On the other
hand, deciding the analytical areawith the guide by the observation
with an optical microscope and CL image is almost impossible. In
addition, it is difficult to measure the U-Pb age correctly and the
precision of 207Pb/206Pb age could be worse than the normal
method. However, for detecting Hadean zircons, the minimum age
of the sample can be estimated by Pb-Pb dating with an adequate
common Pb correction, even if the sample has experienced a
certain degree of Pb loss. For the search of old materials, therefore,
information about the minimum age of the sample is very helpful,
and an increase in efficiency of the analyses would be advantageous
in the search for old zircons.

In this study, we evaluated the efficiency of direct 207Pb/206Pb
dating of unpolished zircons, and checked its reliability by re-
analyzing the same sample with conventional sample preparation
methods (i.e. mounting in resin, polishing with diamond paste and
observing its internal structure using a CL image) after the Pb-Pb
dating of unpolished zircons.

3.3. High speed dating by multiple-ion counting ICP-MS

While double-step dating can shorten the time required for
sample preparation, fast analytical technique for U-Pb isotope
measurement is also important for hunting old zircons. Recently, a
short time dating technique was reported using a LA-ICPMS
equipped with multiple ion counting detectors (LA-MIC-ICPMS;
Hattori et al., 2017; Obayashi et al., 2017). The multiple-ion
counting detection system achieves both a high duty cycle
(>70%) and a quick response time to a transient signal, and these
capabilities allow a short analytical time for a single ablation pit
(<1 s) and an applied analytical precision (<3%, Hattori et al., 2017).
Hence, we employed a fast U-Pb isotope analysis of >2000 zircons,
which were tweezed and lined up by the AZS machine, and then
mounted in resin and polished.

3.4. Analytical method

The isotopic analysis of Pb of unpolished zircons was carried out
using an Agilent 8800 quadruple ICP-MS (Agilent Technology)
coupled to a NWR213 Nd:YAG laser ablation system (ESI) at
Gakushuin University, Japan. To discriminate minerals other than
zircons and to correct the isobaric interference on 204 amu from
Hg, the counts of 29Si, 31P, 49Ti, 57Fe, 89Y, 91Zr, 202Hg, 232Th and 238U
were monitored, in addition to those of 204Pb, 206Pb, 207Pb, and
208Pb. From the monitoring of these elements, non-target minerals
were effectively identified and excluded. The actual procedure for
laser ablation and measurement by ICP-MS was as follows: gas
blank counts were monitored for 5 s at first, and then laser ablation
during 8 s was employed. In laser ablation, we waited for the first
3 s and the next signals for 5 s were integrated for further calcu-
lation. For the interval time of each analytical spot, wewaited for 7 s
because the 1/1000 washout time of the present LA-ICP-MS system
is about 5 s. The total analytical time consumed for one grain is
about 20 s and the capability of sample throughput is 180 grains per
hour. For each 200e300 samples, NIST SRM610 was measured 3
times in order to calibrate the mass bias of Pb. In this experiment,
1321 zircon grains were dated. Subsequently, 52 zircon grains of
those dated abovewere picked up andmounted in epoxy resin, and
then polished using diamond paste with a diameter of 1 mm. After
that, CL images were obtained using an INCA X-Sight 7582 (OX-
FORD Instruments) equipped with SEM (JEOL-JSM6060LV) at the
University of Tokyo, Komaba. The resulting CL images were used for
the determination of the analytical area by LA-ICP-MS.

In-situ U-Pb dating of polished surface was employed using a Nu
Plasma II multiple collector ICP-MS (Nu Instruments) coupled to a
NWR193 ArF excimer laser ablation system (ESI) at Kyoto Univer-
sity, Japan. The instrumental set up and operational conditions are
similar to those previously studied (Hattori et al., 2017). We used
two operational settings for the polished zircons in double-step
dating and high speed dating. The total analytical times
consumed for one grain in the case of double-step and high speed
dating were 90 and 20 s, respectively. In high speed dating, 2378
zircons were completely analyzed, and grains that showed discor-
dant U-Pb isotopic features (>5%) were excluded. Hence, 1926
concordant grains were used for further discussion.

In all datings in this study, 202Hg was monitored and isobaric
interference on 204Pb from 204Hg was subtracted assuming
204Hg/202Hg ¼ 0.223 (Blum and Bergquist, 2007). Common Pb
correction was based on the 204Pb-based method (Williams, 1998).
The isotopic composition of common Pb was estimated assuming
terrestrial Pb isotope evolution by a two-stage model (Stacey and
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Kramers, 1975), through a five step iterative process. The age
spectrum of resulting data was made with ISOPLOT 4.15 (Ludwig,
2003). Details of the analytical method are summarized in
Supplementary file 1.

4. Results

4.1. High gain in capturing zircon

In order to complete one cycle of picking up one grain from the
sample tray and placing it on the capture tray, it took ca. 1 min, thus
the AZS machine can collect ca. 60 zircons and zircon-like grains in
1 h, or 600 grains in 10 h on average. For the heavy mineral fraction
from the Jack Hills meta-conglomerate, one continuous operation
for ca. 20 h collected 1496 grains (Fig. 3). After the present attempt,
we needed to expand further the size range of zircons for capturing
at more or less the same rate.

Checking the signal intensity of Si, P, Ti, Fe, Y, and Zr of individual
grain surfaces was also successful after the AZS operation. We were
able to collect 1321 zircon grains out of 1496 grains picked by the
AZS machine, and the remaining 175 non-zircon grains were
identified as rutile (113 grains), baddeleyite (8 grains), ferrioxide (6
grains, e.g. magnetite), phosphate (6 grains, e.g. monazite, apatite),
quartz (5 grains), and unknown minerals (37 grains). After
repeating a similar process with the AZS machine, we obtained a
fair zircon capturing rate of nearly 90%.

4.2. Accuracy of the Pb-Pb age of unpolished zircons

Newly obtained 207Pb/206Pb ages of 52 zircon grains dated by
the twomethods (unpolished and polished) are shown in Fig. 5 and
Figure 5. Comparison between the crude Pb-Pb dating for non-polished grains and more s
similar ages regardless of polishing in resin before dating. Solid square: deviation of P
(Age)unpolished � 1) � 100.
detailed isotopic data are summarized in Supplementary file 2. For
the direct dating of unpolished grains, 207Pb/206Pb ages were solely
considered because it is difficult to calibrate the Pb/U fractionation
correctly without surface polishing. In Fig. 5, Dm (%) is defined as
follows: Dm ¼ ((Age)polished/(Age)unpolished � 1) � 100. Here,
(Age)polished and (Age)unpolished represent 207Pb/206Pb age after
common Pb correction for polished and unpolished zircons,
respectively. From comparison, more than 90% of the values of Dm
are distributed in the range from �10% to þ10%. This indicates that
the direct Pb-Pb dating method for the unpolished zircon has
roughly 10% uncertainty at 90% confidence. As for the data with
huge Dm values, these large deviations can be explained by the
difference in the area actually analyzed by the twomethods, or they
can be related to the possible measurement of other tiny grains
attached to the surface of the targeted zircons.

In our preliminary runs, out of the 1321 unpolished zircons with
Pb-Pb ages by the direct analysis, we arbitrarily selected 22 grains
with apparent Hadean ages. Out of these 22 grains, we confirmed a
further 17 grains with Hadean ages by more reliable measurement
after resin-mounting and polishing. Although still not achieving
100%, our approach was easily able to eliminate almost 98% of the
post-Hadean zircons.

4.3. Results of direct and high speed dating

Through several runs by the AZSmachine, wewere so far able to
detect nearly 42 grains of Hadean age including 4 grains with ages
greater than4.3Ga,which correspond to the oldest ageof theEarth’s
material (Fig. 6) by direct analysis of 1321 unpolished zircons. For
these 4 grains, the resulting ages of unpolished and polished surface
are as follows: 4373�74 and 3600� 5Ma (JH22-small mount-351),
4347 � 91 and 4315 � 7 Ma (JH22-2-437-1), 4353 � 47 and
ophisticated U-Pb dating for the same but polished grains. Note that most grains have
b-Pb age between polished and unpolished zircon defined as: Dm ¼ ((Age)polished/



Figure 6. Photo images of the oldest zircons of over 4300 Ma from the mid-Archean (ca. 3.0 Ga) Jack Hills meta-conglomerate in the Yilgarn craton, Western Australia.

Figure 7. Age spectrum of the Hadean zircon grains separated from the Jack Hills meta-conglomerate by direct analysis of unpolished zircons. Out of ca. 1400 separated grains by
the AZS machine, more than 42 Hadean zircons were obtained. Note that 4 zircon grains with the oldest ages over 4300 Ma were captured.

Y. Isozaki et al. / Geoscience Frontiers 9 (2018) 1073e1083 1079



Figure 8. (a) Age spectrum of the Hadean zircon grains separated from the Jack Hills meta-conglomerate by the high speed analysis of polished zircons using LA-MIC-ICP-MS. (b)
Out of ca. 3800 separated grains by the AZS machine, more than 152 Hadean zircons were obtained. Note that 5 zircon grains with the oldest ages over 4300 Ma were captured.

Y. Isozaki et al. / Geoscience Frontiers 9 (2018) 1073e10831080
4371 � 7 Ma (JH22-2-b-72), and 4329 � 76 (JH22-small mount-16,
unpolished data only), respectively (Supplementary files 2 and 3).

On the other hand, we obtained 152 Hadean zircons out of 1926
concordant grains, including 5 grains with ages greater than 4.3 Ga
by the high speed dating method (Supplementary file 4). The oldest
Pb-Pb age of these 5 grains is 4355 � 9 Ma (JH-22-2-g-667). The
resulting ages from direct dating and the high speed dating method
are given in Figs. 7 and 8, respectively. The average error (2s) of
207Pb/206Pb age is ca. 0.5%. This precision is enough to distinguish
the difference of ca. 20 Ma among Hadean zircons. In total, 192
Hadean zircons out of the ca. 3800 Jack Hills zircons were detected
in this study.

4.4. Hadean zircons collected

In this study the oldest zircon that we found has an age of
4371 � 7 Ma (JH22-2-b-72). It shows nearly concordant analyses
in the U-Pb isotope system; i.e., concordance is 100.8% and the
238U/206Pb age is slightly older than the 235U/206Pb age; it should
be noted that the analytical uncertainty of the U-Pb age is about
0.4% (2s). As seen from the above, the U-Pb age of this grain is
reversely discordant to a slight degree (<1%), and this phenom-
ena has been occasionally reported in Archean zircons, which
have a high U content (>1000 mg/g) using an ion microprobe
(Williams et al., 1984; Williams and Hergt, 2000; White and
Ireland, 2012; Kusiak et al., 2013). One possible explanation for
this reverse-discordance is by the secondary mobilization of
radiogenic Pb caused by high-temperature metamorphism
(Kusiak et al., 2013). Nonetheless, in this study, the degree of
reverse-discordance is relatively small and the influence on the
207Pb/206Pb age from the Pb mobilization is not so large (at least
less than 15 Myr).

The oldest 207Pb/206Pb age that we obtained shows excellent
agreement with the oldest age (4372 � 6 Ma) previously reported
by Holden et al. (2009) through the analysis of over 100,000 zircons
from the Jack Hills conglomerate using an ion microprobe. More-
over, the resulting age spectrum shows a bimodal distributionwith
peaks close to ca. 3.3e3.4 Ga and ca. 3.8e4.2 Ga (Figs. 7 and 8). This
unique age spectrum is consistent with those reported by many
previous studies about the U-Pb dating of the Jack Hills zircons
(Compston and Pidgeon, 1986; Maas et al., 1992; Amelin, 1998;
Amelin et al., 1999; Mojzsis et al., 2001; Cavosie et al., 2004; Trail
et al., 2007; Holden et al., 2009).
5. Discussion

5.1. Reliability of mineral separation by AZS

Our preliminary attempt to collect old zircons by the AZS ma-
chine produced positive results, as shown above. Through contin-
uous operation for 20 h without a break, the machine could pick up
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nearly 1500 zircon and zircon-like grains. This crude result roughly
corresponds to a 2 day-long intense work by one well-trained per-
son (e.g., S. Yamamoto) in collectingmore or less the samenumberof
grains from the same heavy mineral fraction. With further contin-
uous tests with daily intermittent sample changes, the AZS system
could collect nearly 10,000 zircon grains systematically aligned on a
target tray in one week (Fig. 4). Judging from these results, the AZS
machine has no doubt proved its high performance/capability
compared to those of human labor by hand-picking.

For the next step after the mechanical pick-up by the AZS ma-
chine, a rapid check was made with a LA-ICPMS to detect non-
zircon heavy minerals. The elimination of noise (non-zircon)
grains, which are up to 10% in number, can upgrade considerably
the reliable selection of targeted zircon grains. This 2-stepped
dating approachwithoutmeasuring unpromising zircons enhanced
the efficiency of collecting Hadean zircons. We were able to sepa-
rate 42 Hadean grains out of ca. 1400 zircons from the Jack Hills
sample by direct analysis, and 152 grains out of ca. 2400 by the
high-speed analysis, with an average percentage of gain at nearly 3
and 6%, respectively. This is comparable to or slightly greater than
that of manual pick-up (ca. 2%), and the age spectra of AZS-picked
zircons are more or less the same as those previously reported.
After all, our preliminary test showed that the AZS system per-
formed efficiently in selecting target zircons, with almost the same
quality as human effort by hand-picking.

The remaining current practical problems of the prototype AZS
machine include the stacking in a microtweezer; namely the
interlocking of smaller plural grains within a fine-tube glass that
prevents smooth capture/release of target grains. In order to avoid
this, further modification to the microtweezer is needed.

5.2. Post-4.37 Ga continuous age spectrum of the Hadean zircons

Among the 194 Hadean zircons, 9 grains are older than 4300Ma,
with the oldest a 4371.1 � 6.7 Ma zircon. These zircon ages are fully
consistent with previously reported ages, with the oldest at
4372 � 6 Ma, from the same geologic unit in Western Australia
(Cavosie et al., 2004; Holden et al., 2009). Not necessarily the old-
est, but a preferential collection of >4.0 Ga zircon is valuable in
research on the early Earth.

The present capturing of 194 4.3e4.0 Ga zircons confirms that
Hadean crust has been exposed to some extent and/or recycled on
the surface at least until 3.0 Ga in the Yilgarn craton, as previously
suggested. Besides the classical regions, such as the Slave province
in northern Canada, the Yilgarn block in Western Australia, and the
Anshan area in North China (e.g., Bowring and Williams, 1999;
Wilde et al., 2001; Harrison, 2009), more occurrences of Hadean
zircons have recently been reported from elsewhere, e.g. Brazil,
Argentina, Antarctica, and South China (Paquette et al., 2015;
Roberts and Spencer, 2015; Xing et al., 2015; Li et al., 2016). These
examples support the idea that the active formation, probably of
felsic crust, occurred during the Hadean on a global scale, and that
some parts have remained and/or been recycled into Archean units.

This study also demonstrated that active magmatism and
resultant formation of zircon-bearing crust had already occurred in
the second half of the Hadean after 4.3 Ga. In general, zircons occur
abundantly in felsic plutonic rocks such as granitoids in themodern
Earth, in particular, along active continental margins with arc
magmatism, whereas they are rare in mafic rocks (komatiite/
basalt), and extremely rare in ultramafic rocks (peridotite).

The time of onset of plate tectonics has long been debated (e.g.
Roberts and Spencer, 2015), and many researchers agree that the
plate tectonic regime had already existed by the Mesoarchean (e.g.,
Hoffman, 1989; Card, 1990; Dirks and Jelsma, 1998; Korsch et al.,
2011). Furthermore, some Japanese geologists promised that plate
subduction had started much earlier probably in Eoarchean time or
even before that on the basis of the occurrence of 3.8e3.9 Ga
accretionary complexes in Greenland and Labrador (Maruyama
et al., 1991; Komiya et al., 1999, 2015; Maruyama and Komiya,
2011). The robust geological lines of evidence are in identifying
ocean plate stratigraphy (OPS) and layer-parallel horizontal-
shortening duplex structure, just like Phanerozoic examples
(Isozaki et al., 1990; Matsuda and Isoaki, 1991; Isozaki, 2014).

Nonetheless, most Precambrian researchers are still conserva-
tive enough to assume that non-plate tectonic komatiitic/basalatic
magmatism dominated during the HadeaneEoarchean (e.g.,
Kramers, 2007; Altermann et al., 2012; Kamber, 2015; Roberts and
Spencer, 2015) with regard to the much higher temperature gra-
dients of the young planet compared with today. On the basis of Hf
isotope, for example, Nebel et al. (2014) speculated that the first
crust wasmafic in composition; Kenny et al. (2016) even proposed a
contribution of meteorite impacts in forming Hadean zircons.

On the other hand, oxygen isotope signatures and zircon
thermometer of >4.0 Ga grains suggest that most Hadean zircons
crystallized in a felsic magma at a relatively low temperature
under water (Mojzsis et al., 2001; Watson and Harrison, 2005;
Harrison et al., 2008). Igneous zircon crystallizes at ca. 700 �C
under wet conditions, but at ca. 1400 �C under dry conditions. The
Hadean zircons from the Jack Hills conglomerate show an almost
continuous age spectrum from 4.3 Ga to 4.0 Ga with an increasing
trend of dominance with time (Figs. 7 and 8), and this condition
likely continued into Eoarchean times. These observations suggest
the continuous production of zircon-bearing granitoids during the
second half of the Hadean and in Eoarchean time. Clearly after the
4.5 Ga magma ocean stage on the ocean-bearing planet’s surface,
felsic igneous rocks similar to modern granitoids probably formed
in primitive subduction zones in an arc-trench setting. Relatively
steady-state subduction-related arc magmatism/crust formation
probably continued during that time but all the putative volcanic
arcs were small in size, not larger than modern intra-oceanic is-
land arcs.

5.3. Hadean inselbergs in provenance

Regarding Archean tectonics, all the emergent landmasses were
probably composite blocks composed of plural collided island arcs
(e.g., Hoffman, 1989; de Wit and Hart, 1993). Accordingly, we
speculate that the provenances of Archean sedimentary basins, not
only in Yilgarn but also in the rest of Archean cratons in the world,
were such small land masses composed of amalgamated island
arcs, which once featured Hadean granitic crusts to a large extent,
or at least they hosted frequent recycling of Hadean crustal mate-
rial, such as zircon, until the mid-Archean time.

For providing Hadean zircon in Archean terrigenous clastics,
there is an alternative mechanism related to the heavy bombard-
ment of extraterrestrial objects during the Hadean/Eoarchean
(Marchi et al., 2014). As observed in a lunar regolith, material
recycling from the primordial crust is possible (Borg et al., 2015;
Hopkins and Mojzsis, 2015), and repeated bombardment of extra-
terrestrial objects may have excavated buried primordial Hadean
crusts with zircons to be provided as recycled material afterwards,
as long as the impact was not one big one, but multiple small ones
for a longer duration.

After all, we must admit that Hadean material existed to some
extent until mid-Archean time on the surface throughout most of
the Archean cratons. Most Hadean zircons were not directly from
solid rock exposures on the ground but were recycled from older
sedimentary rocks; nonetheless we cannot rule out the possibility
of direct exposure of Hadean rocks in inselbergs (small island-like
monadnock hills) within extensive Archean crustal rocks.
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5.4. A limit for the oldest zircons on Earth?

Except for the whole-rock Nd-Sm model age of 4280 Ma re-
ported from the Nuvvuavittuq gneiss in NE Canada (O’Neil et al.,
2008), rocks with precise mineral ages older than 4000 Ma have
never been reported. With our present results, we confirm that the
oldest mineral age of 4370 Ma for the Earth’s crustal material is
recorded in the detrital zircon grains from the Jack Hills meta-
conglomerate. It is important to recognize another 9 ca. 4370 Ma
zircons, in addition to the previously reported 3 coeval grains
(Cavosie et al., 2004; Holden et al., 2009). At present, all the
documented age spectra of detrital zircons from the Jack Hills
meta-conglomerate appear to be consistent, and may suggest that
the Earth’s oldest zircons had an apparent age limit of around
4370 Ma.

In contrast, lunar rock samples brought back by the Apollo 12,
14, 15 and 17 missions yielded much older zircons up to 4440 Ma
(Borg et al., 2015; Hopkins and Mojzsis, 2015); nonetheless,
numerous dated zircons demonstrated a significant age cluster
around 4345 Ma (e.g., Meyer et al., 1996; Pidgeon et al., 2007;
Grange et al., 2009; Nemchin et al., 2009; Taylor, 2009; Liu et al.,
2012). Considering the evolution of lunar crust after the initial
magma ocean stage, possible scenarios for explaining this ca. 4.3 Ga
zircon event have been proposed, e.g. the resurfacing/restructuring
of primary crust by later asteroid bombardment etc. (e.g., McLeod
et al., 2016).

The present results positively suggest an apparent coincidence
in age between the oldest group of Earth’s zircons and the signifi-
cant peak in lunar zircons, therefore, a certain ubiquitous episode
occurred in the near-Sun environment of the young solar system
during the planetary formation of the Earth, Moon, and possibly
other terrestrial planets (Mercury, Venus, and Mars). The apparent
difference between the terrestrial and lunar zircons exists in the
height of their age peaks; however, this can be blamed on the
multiple episodes of impact on the moon and associated material
recycling into the regolith, of which records were not preserved on
the Earth.

In this regard, a recent proposed two-stepped formation sce-
nario of the Earth (ABEL model by Maruyama and Ebisuzaki, 2017)
appears promising; i.e. the initial formation of a dry planet solely
from accumulated enstatitic chondrites at 4.55 Ga and the sec-
ondary addition of volatile elements by icy planetesimals after
4.37 Ga to start the change of a dry planet into awater-lain one. Our
preliminary study has identified tiny inclusions of apatite,
Ca5(PO4)3(F,Cl,OH)2 in composition, within 2 grains of the 4.3 Ga
zircons (will be reported elsewhere by S. Yamamoto et al.). This
confirms that the 4.3 Ga Earth had already acquired liquid water on
its surface that enabled the crystallization of hydrous minerals,
such as apatite, through magmatism in shallower parts of the crust.
In order to prove or disprove this scenario or to propose other
options, we need to obtain more solid lines of evidence in partic-
ular, from more Hadean zircons, and to determine their ages and
characteristics.

6. Conclusions

In order to find and collect the oldest material of the Earth, we
recently developed a new machine, i.e. an automatic zircon sepa-
rator (AZS), which is designed for improving the efficiency of
mineral separation compared with conventional procedures by an
order of magnitude. The proto-type of the AZS machine was tested
for its practical efficiency. We used Pb-Pb dating of unpolished
zircons to select relatively older zircons before we undertook the
high-resolution U-Pb dating after polishing. Fast U-Pb isotope
analysis using LA-MIC-ICPMS is helpful for such a Hadean
investigation. Our preliminary results from the well-known
Archean conglomerate of Jack Hills in Western Australia are posi-
tive; we were able to detect at least 2 grains of the Earth’s oldest
(over 4350 Ma) zircons out of about ca. 3800 checked grains. Still
under progress, this machine provides a hopeful message for all
zircon seekers whatever their perspectives.

Acknowledgements

Dr. Takeshi Ohno of Gakushuin University (Tokyo) helped us
with the measurements. Prof. Brian F. Windley of University
Leicester (UK) checked the language of the MS. This study was
supported by the Grant-in-Aid from Japan Society of the Promotion
for Science (JSPS KAKAENHI; New Academic Research No.
26106005).

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.gsf.2017.04.010.

References

Altermann, W., Beard, B., Hoffman, P., Johnson, C., Kasting, J., Melezhik, V.,
Nutman, A., Papineau, D., Pirajno, F., 2012. A chronostratigraphic division of the
Precambrian: possibilities and challenges. In: Gradstein, F.M., Ogg, J.G.,
Schitz, M.D., Ogg, G.M. (Eds.), The Geologic Time Scale 2012. Elsevier, Amster-
dam, pp. 299e392.

Amelin, Y.V., 1998. Geochronology of the Jack Hills detrital zircons by precise U-Pb
isotope dilution analysis of crystal fragments. Chemical Geology 146, 25e38.

Amelin, Y.V., Lee, D.C., Halliday, A.N., Pidgeon, R.T., 1999. Nature of the Earth’s
earliest crust from hafnium isotopes in single detrital zircons. Nature 399,
252e255.

Blum, J.D., Bergquist, D.A., 2007. Reporting of variations in the natural isotopic
composition of mercury. Analytical and Bioanalytical Chemistry 388, 353e359.

Borg, L.E., Gaffney, A.M., Shearer, C.K., 2015. A review of lunar chronology revealing
a preponderance of 4.34e4.37 Ga ages. Meteoritics & Planetary Science 50,
715e732.

Bowring, S.A., Williams, I.S., 1999. Priscoan (4.00e4.03 Ga) orthogneisses from
north-western Canada. Contributions to Mineralogy and Petrology 134, 3e16.

Card, K.D., 1990. A review of the Superior Province of the Canadian Shield, a product
of Archean accretion. Precambrian Research 48, 99e156.

Cavosie, A.J., Wilde, S.A., Liu, D., Weiblen, P.W., Valley, J.W., 2004. Internal zoning
and UeThePb chemistry of Jack Hills detrital zircons: a mineral record of early
Archean to Mesoproterozoic (4348e1576 Ma) magmatism. Precambrean
Research 135, 251e279.

Compston, W., Pidgeon, R.T., 1986. Jack Hills, evidence of more very old detrital
zircons in Western Australia. Nature 321, 766e769.

de Wit, M.J., Hart, R.A., 1993. Earth’s earliest continental lithosphere, hydrothermal
flux and crustal recycling. Lithos 30, 309e335.

Dirks, P.H.G.M., Jelsma, H.A., 1998. Horizontal accretion and stabilization of the
Archean Zimbabwe Craton. Geology 26, 11e14.

Grange, M.L., Nemchin, A.A., Pidgeon, R.T., Timms, N., Muhling, J.R., Kennedy, A.K.,
2009. Thermal history recorded by the Apollo 17 impact melt breccia 73217.
Geochimica et Cosmochimica Acta 73, 3093e3107.

Harrison, T.M., 2009. The Hadean crust: evidence from >4 Ga zircons. Annual Re-
view of Earth Planetary Sciences 37, 479e505.

Harrison, T.M., Schmitt, A.K., McCulloch, M.T., Lovera, O.M., 2008. Early (� 4.5 Ga)
formation of terrestrial crust: LueHf, d18O, and Ti thermometry results for
Hadean zircons. Earth and Planetary Science Letters 268, 476e486.

Hattori, K., Sakata, S., Tanaka, M., Orihashi, Y., Hirata, T., 2017. UePb age determi-
nation for zircons using laser ablation-ICP-mass spectrometry equipped with
six multiple-ion counting detectors. Journal of Atomic Analytical Spectrometry
32, 88e95.

Hoffman, P.F., 1989. Precambrian geology and tectonic history of North America. The
Geology of North AmericadAn Overview 447e512.

Holden, P., Lanc, P., Ireland, T.R., Harrison, T.M., Foster, J.J., Bruce, Z., 2009. Mass-
spectrometric mining of Hadean zircons by automated SHRIMP multi-collector
and single-collector U/Pb zircon age dating: the first 100,000 grains. Interna-
tional Journal of Mass Spectrometry 286, 53e63.

Hopkins, M.D., Mojzsis, S.J., 2015. A protracted timeline for lunar bombardment
from mineral chemistry, Ti thermometry and UePb geochronology of Apollo 14
melt breccia zircons. Contributions to Mineralogy and Petrology 169, 30.

Iizuka, T., Hirata, T., 2004. Simultaneous determinations of U-Pb age and REE
abundance for zircons using ArF excimer laser ablation-ICPMS. Geochemical
Journal 38, 229e241.

Isozaki, Y., 2014. Memories of pre-Jurassic lost oceans: how to retrieve them from
extant lands. Geoscience Canada 41, 283e311.

http://dx.doi.org/10.1016/j.gsf.2017.04.010
http://dx.doi.org/10.1016/j.gsf.2017.04.010
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref1
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref1
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref1
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref1
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref1
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref1
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref2
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref2
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref2
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref3
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref3
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref3
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref3
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref4
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref4
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref4
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref5
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref5
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref5
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref5
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref5
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref55
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref55
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref55
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref55
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref56
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref56
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref56
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref6
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref6
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref6
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref6
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref6
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref6
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref6
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref6
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref7
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref7
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref7
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref8
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref8
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref8
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref57
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref57
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref57
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref9
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref9
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref9
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref9
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref10
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref10
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref10
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref10
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref11
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref11
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref11
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref11
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref11
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref11
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref11
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref12
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref12
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref12
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref12
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref12
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref12
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref13
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref13
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref13
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref13
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref14
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref14
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref14
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref14
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref14
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref15
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref15
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref15
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref15
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref16
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref16
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref16
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref16
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref17
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref17
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref17


Y. Isozaki et al. / Geoscience Frontiers 9 (2018) 1073e1083 1083
Isozaki, Y., Maruyama, S., Furuoka, F., 1990. Accreted oceanic materials in Japan.
Tectonophysics 181, 179e205.

Kamber, B.S., 2015. The evolving naturee if terrestrial crust from the Hadean,
through the Archean, into the Phanerozoic. Precambrian Research 258,
48e82.

Kenny, G.G., Whitehouse, M.J., Kamber, B.S., 2016. Differentiated impact melt sheets
may be a potential source of Hadean detrital zircon. Geology 44, 435e438.

Komiya, T., Maruyama, S., Masuda, T., Nohda, S., Hayashi, M., Okamoto, K., 1999.
Plate tectonics at 3.8-3.7 Ga: field evidence from the Isua accretionary complex,
southern west Greenland. Journal of Geology 107, 515e554.

Komiya, T., Yamamoto, S., Aoki, S., Sawaki, Y., Ishikawa, A., Tashiro, T., Koshida, K.,
Shimojo, M., Aoki, K., Collerson, K.D., 2015. Geology of the Eoarchean >3.95 Ga,
Nulliak supracrustal rocks in the Saglek Block, northern Labrador, Canada: the
oldest geological evidence for plate tectonics. Tectonophysics 662, 40e66.

Korsch, R.J., Kositcin, N., Champion, D.C., 2011. Australian island arcs through time:
geodynamic implications for the Archean and Proterozoic. Gondwana Research
19, 716e734.

Kramers, J.D., 2007. Hierarchical Earth accretion and the Hadean Eon. Journal of the
Geological Society London 164 (1), 3e17.

Kusiak, M.A., Whitehouse, M.J., Wilde, S.A., Nemchin, A.A., Clark, C., 2013. Mobili-
zation of radiogenic Pb in zircon revealed by ion imaging: implications for early
Earth geochronology. Geology 41, 291e294.

Li, Z., Chen, B., Wei, C.J., 2016. Hadean zircon in the North China Craton. Journal of
Mineralogical Petrological Sciences 111, 283e291.

Liu, D., Jolliff, B.L., Zeigler, R.A., Korotev, R.L., Wan, Y., Xie, H., Zhang, Y., Dong, C.,
Wang, W., 2012. Comparative zircon U-Pb geochronology of impact melt
breccias from Apollo 12 and lunar meteorite SaU 169, and implications for the
age of the Imbrium impact. Earth and Planetary Science Letters 319e320,
277e286.

Ludwig, K.A., 2003. Isoplot/Ex ver. 3.00, A Geochronological Tool Kit for Microsoft
Excel, vol. 4. Berkeley Geochronology Center Special Publication, Berkeley,
California, p. 71.

Maas, R., Kinny, P.D., Williams, I., Froude, D.O., Compston, W., 1992. The Earth’s
oldest known crust: a geochronological and geochemical study of
3900e4200 Ma old detrital zircons from Mt. Narryer and Jack Hills, Western
Australia. Geochimica et Cosmochimica Acta 56, 1281e1300.

Marchi, S., Bottke, W.F., Elkins-Tanton, L.T., Bierhaus, M., Wuennemann, K.,
Morbidelli, A., Kring, D.A., 2014. Widespread mixing and burial of Earth/’s Ha-
dean crust by asteroid impacts. Nature 511 (7511), 578e582.

Maruyama, S., Masuda, T., Appel, P.W.U., 1991. The oldest accretionary complex on
the Earth, Isua, Greenland. Geological Society of America, Abstract with Pro-
grams 23, A429eA430.

Maruyama, S., Komiya, T., 2011. The oldest pillow lavas, 3.8-3.7 Ga from the Isua
supracrustal belt, SW Greenland: plate tectonics had already begun by 3.8 Ga.
Journal of Geography (Chigaku-Zasshi) 120, 869e876.

Maruyama, S., Ebisuzaki, T., 2017. Origin of the Earth: a proposal of new model
called ABEL. Geoscience Frontiers 8, 253e274.

Matsuda, T., Isoaki, Y., 1991. Well-documented travel history of Mesozoic pelagic
chert in Japan: from remote ocean to subduction zone. Tectonics 10 (2),
475e499.

McLeod, C.L., Brandon, A.D., Fernandes, V.A., Peslier, A.H., Fritz, J., Lapen, T.,
Shafer, J.T., Butcher, A.R., Irving, A.J., 2016. Constraints on formation and evo-
lution of the lunar crust from feldspathic granulitic breccias NWA 3163 and
4881. Geochimica et Cosmochimica Acta 187, 350e375.
Meyer, C., Williams, I.S., Compston, W., 1996. Uranium-lead ages for lunar zircons:
evidence for a prolonged period of granophyre formation from 4.32 to 3.88 Ga.
Meteoritics & Planetary Sciences 31, 370e387.

Mojzsis, S.J., Harrison, T.M., Pidgeon, R.T., 2001. Oxygen-isotope evidence from ancient
zircons for liquidwater at the Earth’s surface 4300Myr ago. Nature 409,178e181.

Nebel, O., Rapp, R.P., Yaxley, G.M., 2014. The role of detrital zircons in Hadean crustal
research. Lithos 190/191, 313e327.

Nemchin, A., Timms, N., Pidgeon, R., Geisler, T., Reddy, S., Meyer, C., 2009. Timing of
crystallization of the lunar magma ocean constrained by the oldest zircon.
Nature Geoscience 2, 133e136.

Obayashi, H., Tanaka, M., Hattori, K., Sakata, S., Hirata, T., 2017. In situ 207Pb/206Pb
isotope ratio measurements using two Daly detectors equipped on an ICP-mass
spectrometer. Journal of Atomic Analytical Spectrometry. http://dx.doi.org/
10.1039/C6JA00291A.

O’Neil, J., Carlson, R.W., Francis, D., Stevenson, R.K., 2008. Neodymium-142 evidence
for Hadean mafic crust. Science 321, 1828e1831.

Paquette, J.L., Barbosa, J.S.F., Rohais, S., Cruz, S.C.P., Goncalves, P., Peucat, J.J.,
Leal, A.B.M., Santos-Pinto, M., Martin, H., 2015. The geological roots of South
America: 4.1 Ga and 3.7 Ga zirconcrystals discovered in N.E. Brazil and N.W.
Argentina. Precambrian Geology 271, 49e55.

Pidgeon, R.T., Nemchin, A.A., van Bronswijk, W., Geisler, T., Meyer, C., Compston, W.,
Williams, I.S., 2007. Complex history of a zircon aggregate from lunar breccia
73235. Geochimica et Cosmochimica Acta 71, 1370e1381.

Roberts, N.M.W., Spencer, C.J., 2015. The zircon archive of continent formation
through time. In: Roberts, N.M.W., et al. (Eds.), Continent Formation Through
Time, vol. 389. Geological Society of London Special Publication, pp. 197e225.

Stacey, J.S., Kramers, J.D., 1975. Approximation of terrestrial lead isotope evolution
by a two-stage model. Earth and Planetary Science Letters 26, 207e221.

Taylor, G.J., 2009. Ancient lunar crust: origin, composition, and implications. Ele-
ments 5, 17e22.

Trail, D., Mojzsis, S.J., Harrison, T.M., Schmitt, A.K., Watson, E.B., Young, E.D., 2007.
Constraints on Hadean zircon protoliths from oxygen isotopes, REEs and Ti-
thermometry. Geochemistry, Geophysics, Geosystems 8, Q06014.

Watson, E.B., Harrison, T.M., 2005. Zircon thermometer reveals minimum melting
conditions on earliest Earth. Science 308, 841e844.

Wilde, S.A., Valley, J.W., Peck, W.H., Graham, C.M., 2001. Evidence from detrital
zircons for the existence of continental crust and oceans on the Earth 4.4 Gyr
ago. Nature 409, 175e178.

Williams, I.S., 1998. U-Th-Pb geochronology by ion microprobe. In: McKibben, M.A.,
Shanks III, W.C., Ridley, W.I. (Eds.), Applications of Microanalytical Techniques
to Understanding Mineralizing Processes. Reviews in Economic Geology, vol. 7,
pp. 1e35.

Williams, I.S., Compston, W., Black, L.P., Ireland, T.R., Foster, J.J., 1984. Unsupported
radiogenic Pb in zircon: a cause of anomalously high Pb-Pb, U-Pb and Th-Pb
ages. Contributions to Mineralogy and Petrology 88, 322e327.

Williams, I.S., Hergt, J.M., 2000. UePb dating of Tasmanian dolerites: a cautionary
tale of SHRIMP analysis of high-U zircon. Beyond 185e188.

White, L.T., Ireland, T.R., 2012. High-uranium matrix effect in zircon and its impli-
cations for SHRIMP UePb age determinations. Chemical Geology 306, 78e91.

Xing, G.F., Yang, Z.L., Chen, Z.H., Jiang, Y., Hong, W.T., Jin, G.D., Yu, M.G., Zhao, X.L.,
Hao, X.L., Duan, Z., 2015. The discovery of the Asian oldest zircons in Longquan,
Cathaysia Block. Acta Geoscientica Sinica 36, 395e402.

http://refhub.elsevier.com/S1674-9871(17)30095-6/sref18
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref18
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref18
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref19
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref19
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref19
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref19
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref20
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref20
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref20
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref21
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref21
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref21
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref21
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref22
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref22
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref22
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref22
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref22
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref22
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref58
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref58
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref58
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref58
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref23
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref23
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref23
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref24
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref24
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref24
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref24
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref25
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref25
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref25
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref26
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref26
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref26
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref26
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref26
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref26
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref26
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref27
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref27
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref27
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref28
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref28
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref28
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref28
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref28
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref28
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref29
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref29
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref29
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref29
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref30
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref30
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref30
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref30
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref31
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref31
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref31
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref31
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref32
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref32
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref32
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref33
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref33
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref33
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref33
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref34
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref34
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref34
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref34
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref34
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref35
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref35
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref35
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref35
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref36
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref36
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref36
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref37
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref37
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref37
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref38
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref38
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref38
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref38
http://dx.doi.org/10.1039/C6JA00291A
http://dx.doi.org/10.1039/C6JA00291A
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref40
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref40
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref40
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref41
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref41
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref41
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref41
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref41
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref42
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref42
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref42
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref42
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref43
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref43
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref43
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref43
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref44
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref44
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref44
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref45
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref45
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref45
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref46
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref46
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref46
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref47
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref47
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref47
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref48
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref48
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref48
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref48
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref49
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref49
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref49
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref49
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref49
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref50
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref50
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref50
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref50
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref51
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref51
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref51
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref51
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref52
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref52
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref52
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref52
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref53
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref53
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref53
http://refhub.elsevier.com/S1674-9871(17)30095-6/sref53

	High-reliability zircon separation for hunting the oldest material on Earth: An automatic zircon separator with image-proce ...
	1. Introduction
	2. Automatic zircon separator (AZS)
	2.1. Basic concept
	2.2. Specification

	3. Preliminary attempt
	3.1. Material
	3.2. Double-step dating: pre-dating and main dating
	3.3. High speed dating by multiple-ion counting ICP-MS
	3.4. Analytical method

	4. Results
	4.1. High gain in capturing zircon
	4.2. Accuracy of the Pb-Pb age of unpolished zircons
	4.3. Results of direct and high speed dating
	4.4. Hadean zircons collected

	5. Discussion
	5.1. Reliability of mineral separation by AZS
	5.2. Post-4.37 Ga continuous age spectrum of the Hadean zircons
	5.3. Hadean inselbergs in provenance
	5.4. A limit for the oldest zircons on Earth?

	6. Conclusions
	Acknowledgements
	Appendix A. Supplementary data
	References


