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Figure 7. Maps of the spatial distribution, at various redshifts between z = 2 and z = 0.07, of the high-ZFe gas (Hi) residing in the outer regions – i.e. within
[0.75–1] R200 – of D2 at z = 0. The colour bar stands for the MW iron abundance, ZMW, Fe of the selected particles. The red circle represents the virial radius
of the main halo, Rvir, at any given redshift and each map is 30Rvir per side.

gas that is highly enriched at z = 0 come from, and what was its
metallicity at higher redshift?

Given the typical distribution of iron abundance of the selected
gas particles at z = 0, reported in Fig. 2, we want now to compare the
enrichment history of the gas showing extreme enrichment levels at
z = 0 with the average behaviour. To this purpose, we select three
subsets of gas particles to trace back in time and space. Namely, we
consider

(i) Hi: the highest-ZFe gas at z = 0, i.e. with ZFe > Z84th
Fe

(ii) Me: the gas with median ZFe (±25 per cent) at z = 0
(iii) Lo: the lowest ZFe gas at z = 0, i.e. with ZFe < Z16th

Fe

where Z84th
Fe and Z16th

Fe are the values corresponding to the 84th
and 16th percentile of the ZFe distribution, respectively (the three
subselections are also marked in Fig. 2). In a similar way to what
is done in Fig. 3, we can specifically track the highly enriched gas
selected in the cluster outskirts at z = 0 (Hi gas particles) back in
time up to z = 2. In this way, we explore its spatial distribution with
respect to the main progenitor and the surrounding haloes in the
region, and its metallicity at higher redshift. The map of the spatial
distribution and the MW iron abundance for the Hi tracked gas is
shown in Fig. 7. In general, we note that, even at high redshift, there
are high-ZFe peaks far beyond the boundary of the main halo, whose
virial radius at any corresponding redshift is delimited by the black
circle. The global similarity between these maps and those in Fig. 3
indicates that also the high-ZFe gas residing in the cluster outskirts

at z = 0 has been accreted from the large-scale structure around
the main halo, during the collapse and accretion of neighbouring
haloes. Peaks of iron abundance are present already at z � 1 and
located in the map far away from the central progenitor (at distances
up to ∼10Rvir).

Similarly to Fig. 4, we can distinguish the accretion history and
chemical evolution depending on the final metal content and we
show these results for theHi,Me, andLo gas components separately
in Fig. 8 (from top to bottom, respectively). Also in this case,
we explore the spatial origin of the tracked particles and quantify
whether at any given redshift up to z = 2 they were residing already
within the main progenitor, within any other surrounding halo more
massive than 1011 h−1 M� or rather outside of them all.

From the upper inset in each panel we can infer that the accre-
tion history of these three different components has been different.
Namely, the gas that is very poorly enriched at z = 0 (Lo subsample,
in the bottom panel) has been accreted more recently to the main
halo, being for the major part in the diffuse component (more than
∼80 per cent down to redshift z = 0.25). This is the pristine gas that
fills the space between the haloes and which has been mostly far
from active star formation regions where metal pollution occurs.
In fact, its typical Fe abundance is one order of magnitude smaller
when it is still in the diffuse component than when it is already
included within one halo, either main or neighbouring (see Fig. 8c,
lower inset). In summary, it has a very poor metal content at z = 0,
and has been accreted only recently.
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Origin of ICM metallicity in cluster outskirts 2697

Figure 8. From top to bottom, same as Fig. 4 for the tracked Hi, Me, and
Lo gas subselections, respectively.

As for the gas with Fe abundance close to the median of the
distribution at z = 0, we note from Fig. 8(b) that its accretion on
to the main halo has been smoother over time. A small percent-
age was residing in the main progenitor already at redshift z > 1,
and a similarly small percentage was also distributed among the
surrounding haloes. This increases up to ∼20 per cent by z ∼ 1, as
this gas gets accreted, and then continues to increase for the main
progenitor only, as the surrounding haloes themselves merge on
to the main cluster at lower redshifts, i.e. z � 0.5. This compo-

nent, eventually populating the broad peak in the z = 0 distribution
around ∼10−3 to 10−2 ZFe, � (see Fig. 2), continues to increase its
metallicity from very low values at z = 2 (∼ few 10−5 ZFe, � if
diffuse, or ∼ few 10−4 ZFe, � if already included within some halo).
This modest level of metal enrichment can mostly be ascribed to the
pollution from long-living stars or residual star formation episodes
during the cosmic time between z = 2 and z = 0, rather than from
enrichment within the core of these haloes during the intense peak
of star formation activity at z ∼ 2–3.

A different, interesting picture is outlined by the inspection of
the highly enriched gas component (Hi subselection), shown in
Fig. 8(a). This gas component appears to be accreted on to the main
cluster more smoothly in time than the poorly enriched gas, whose
majority remains outside the main cluster till very low redshifts.
Nevertheless, still ∼30 per cent of this gas is not yet enclosed within
any massive halo at z = 0.07. At higher redshift, the difference in
the fraction of gas residing in the outer space and in some halo is
not as striking as in the other two (Me and Hi) cases. At z = 2, if
enclosed within some halo, it was mostly within intermediate-mass
surrounding haloes (∼60 per cent of it) rather than within the main
one (∼few per cent). Even more interestingly, we observe that this
gas was already significantly enriched with iron at high redshift,
with typical MW Fe abundances of ∼0.4–0.5ZFe, � at z = 2, if
enclosed within some halo. At z = 2 almost 40 per cent of it was
not enclosed within any halo with mass Mvir > 1011 h−1 M�, and
yet its MW Fe abundance was already ZMW, Fe ∼ 0.35ZFe, �. This
unbound and enriched gas component was most likely ejected in
an earlier phase of AGN activity and then expelled by its galaxy.
While the percentage of the gas outside of any of the haloes con-
sidered does not diminish significantly, its typical ZMW, Fe increases
from 0.35ZFe, � up to >0.7ZFe, �, driven by late enrichment, most
likely due to SNIa rather than fresh star formation generating SNII
episodes.

If we compare the results displayed in Fig. 8 with those in Fig. 4,
we infer that the Fe-abundance distribution of the outer gas selected
at z = 0 changes going back in time. On the one hand, we find
that the most-enriched particles (Hi) were already Fe-rich at high
z, both inside and outside the main and surrounding haloes (see
Fig. 8a). On the other hand, the majority of all the particles had
low ZFe and were residing outside the main halo. Indeed, of all the
particles tracked, we see from Fig. 4 that only ∼20 per cent of them
was already within the main halo or in a surrounding one at z = 2,
and they had in both cases MW ZFe already similar to that at z = 0.
Contrarily, the remaining ∼80 per cent was still to be accreted and
had an MW average iron abundance a factor of ∼3–4 lower. Also
among the gas in the diffuse component, however, there was already
a small fraction of gas that was highly enriched, as visible from the
backward tracking of the Hi subsample, but the MW-ZFe is overall
diluted by the low-metallicity gas.

3.3 Iron abundance evolution of the gas in the z = 0 outskirts

The evolution of the ZFe distribution for all the gas selected in the
cluster outer shell at z = 0 and tracked back to z = 2 is shown in
Fig. 9. From the figure we note that the high-metallicity peak around
solar values is indeed already present at high redshift, albeit lower
by a factor of ∼2 in normalization, whereas the strongest difference
concerns the low-metallicity tail of the distribution. In particular,
the broad peak around ZFe/ZFe, � ∼ 10−3 vanishes towards higher
redshifts, where a greater percentage of the tracked gas has in fact
very low iron abundance or is not enriched at all. We verified that
the percentage of zero-metallicity gas (ZFe = 0) increases going
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Figure 9. Distribution of the Fe abundance (w.r.t. solar values by ANGR89)
for the hot-phase gas particles selected to reside within [0.75–1]R200 at z = 0
and tracked back in time, at various redshifts up to z = 2. Vertical lines
correspond to the MW value of each distribution.

back in time, from ∼10 per cent at z = 0 to ∼80 per cent at z = 2.
This broader peak corresponds to the average pollution of gas par-
ticles with iron, and essentially results from the combination of the
yields and of the distribution of metals from the stars to neighbour
gas particles according to the SPH kernel (i.e. depending on their
distance from the stellar source).

Concerning the peak around solar values of ZFe, the presence of
a highly enriched gas component in the cluster outskirts at z = 0,
that has clearly been enriched at z > 2, is a key imprint of early
AGN feedback episodes. We remind the reader that in our mod-
els we do not include a kinetic feedback so this phenomenon is
entirely due to the buoyancy of gas with freshly boosted energy,
that is able to displace metal-rich gas out to large distances from
the star formation regions, since high-redshift small-mass haloes
have shallower potential wells than present-day massive clusters
(see also Biffi et al. 2017). In fact, a similar analysis on the CSF
simulation of the same cluster showed a different distribution for
the gas selected in the same outer shell at z = 0, displayed in
Fig. 10. Namely, no secondary peak of the iron abundance dis-
tribution is present around solar values of ZFe, neither at z = 0
nor at higher redshifts. This indicates that the most-enriched gas
is typically confined in the very vicinity of star formation regions
and is preferentially converted into newly formed stars, where the
majority of the metal content is therefore locked. The lack of a
powerful feedback mechanism at high redshift essentially prevents
the gas to be moved away before it is again processed into stars. In
fact, we verified that a similar tracking of the most enriched gas at
z = 0, in the CSF case, shows lower iron abundances, by a factor
of 2–4 if enclosed within some halo, throughout the redshift range
z = 0–2. If we track the Hi gas outside any halo more massive
than 1011 h−1 M�, then the typical ZMW, Fe in the CSF run is up to
one order of magnitude lower at high redshift. In fact, as previously
noted for Fig. 5, this behaviour can also be appreciated from the
maps of MW iron abundance in Fig. 11, for the z = 0 Hi gas com-
ponent. The same spatial scale and colour code used for the AGN
case emphasize how the most iron-rich gas distribution is clumpier
and characterized by a lower values of ZMW, Fe. From both Figs 5
and 11, we see that also in the CSF case the metal distribution traces
the large-scale structure around the main cluster progenitor and the
accretion of the neighbouring haloes on to it, but the level of iron
abundance is typically lower, with the peaks of high abundance par-

Figure 10. Similar to Fig. 9 but for the CSF simulation of D2.

ticularly localized. This difference is remarkable especially at high
redshift, where on the contrary the iron-rich gas in the AGN simula-
tion, as well as the tracked Hi component, was already widely dis-
tributed across the whole region connecting the main cluster and the
surrounding haloes.

4 T R AC I N G T H E C O N T R I BU T I O N FRO M
D I F F E R E N T E N R I C H M E N T SO U R C E S

In this section we will discuss the origin of the metal content of
the gas residing in the cluster outer shell at z = 0 in terms of the
contribution to the enrichment from SNIa and SNII.

In fact, SNII release mainly light metals (such as, O, Ne, Mg, or
Si), whereas heavier elements (like Fe and Ni) are predominantly
produced by SNIa. Iron is in reality produced by both SNII and
SNIa, but with different time-scales and yields, being the con-
tribution of SNIa the most significant especially at later times.
Lighter elements such as C or N are produced mainly by low-
and intermediate-mass AGB stars.

Throughout the cosmic history, different stellar sources con-
tributed to producing metals and polluting the surrounding gas.
The specific contribution from SNIa and SNII – and consequently
of the AGB stars – can be evaluated directly in our simulation. In
Fig. 12 we show the metal mass fraction due to SNIa (solid lines)
and SNII (dotted lines) for all the metal-rich gas tracked at various
redshifts between z = 0 and z = 2. As expected, the contribution
from SNII is dominating the metal mass fraction at all redshifts.
This means that the majority of metals, in terms of total mass, is
produced by SNII, which is in fact consistent with oxygen being the
most abundant element in the Universe. On the other hand, the mass
of metals produced by SNIa increases with decreasing redshift. In
fact, the evolution with redshift of these contributions is opposite
and in agreement with the typical lifetime scales associated with
the two stellar sources: overall, the SNIa-fraction increases from
∼20 per cent at z = 2 to ∼30 per cent at z = 0.07; differently,
the SNII-fraction decreases from ∼65 per cent to ∼55 per cent in
the same temporal range. From Fig. 12, one can easily infer that
the remaining metal mass is due to AGB stars, whose contribution
roughly oscillates around ∼15 per cent.

The different symbols used (as in Fig. 4) refer to the location of
the tracked gas at the given redshift z, so that we can differentiate
among that already accreted on to the main cluster, the fraction still
enclosed within some other intermediate-mass neighbouring halo
and the fraction that is still outside of them all. Interestingly, we find
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Figure 11. Similar to Fig. 7, but for the tracked Hi gas component in the CSF simulation of D2. Here only three redshifts are shown (z = 2, 1, 0.25).

Figure 12. Fraction of the mass of metals produced by SNIa (dotted lines)
or SNII (solid lines) with respect to the total mass of metals, for the gas
selected at z = 0 in the spherical shell [0.75–1] R200 and tracked back in
time up to z = 2. Different symbols refer to the location of the tracked gas
at redshift z, namely within the main progenitor (thick asterisks), within the
virial radius of any other surrounding halo with Mvir > 1011 h−1 M� (thin
asterisks), or outside of them all (empty circles).

that the trend does not depend significantly on the environment in
which the gas is located, suggesting that this result is mainly driven
by the time-delay and yields of the enrichment channels followed
by our simulations. Indeed, variations among the three sets of values
are on average within 10 per cent.

In Fig. 13 we show the contribution from these two main enrich-
ment channels for the subselections of the gas based on its z = 0
iron abundance (Hi, Lo, and Me components, from top to bottom,
respectively). The Hi gas component shows very similar results to
those discussed for the whole gas in Fig. 12. This suggests that the
high-ZFe gas – which has been found to have relatively high ZFe also
at higher redshifts – essentially dominates the mass budget, namely
contains the majority of metals in mass. This gas must have been
therefore significantly enriched by both SNIa and SNII, since very
early times.

Differently, the gas with median or very low Fe abundance at
z = 0, which has typically even lower abundances at higher red-
shifts, is characterized by a metal mass content, albeit modest,

which is essentially dominated by the contribution from SNIa. In
both cases, especially at late times, the SNIa-channel is contributing
up to 80 per cent of the total metal mass because of the longer time-
scales of their enrichment. The contribution from SNII is basically
negligible, except for a 20 per cent contribution to the enrichment of
the Me gas at z � 1, probably within haloes smaller than those con-
sidered here (i.e. with Mvir < 1011 h−1 M�). Instead, the remaining
fraction of metal mass (comprised between 20 per cent at late times
and ∼40 per cent at early times) is due to AGB sources.

SNIa, and in a minor proportion AGB stars, essentially contribute
to build up the broad peak centred around 10−3 ZFe, �, in the distri-
bution shown in Fig. 9. This all indicates that the poor enrichment
of this gas happened far from SF regions, where the pollution due
to short-living SNII is not significant. To a closer inspection, we
found in fact that the distribution of the metal-rich particles that
we track shows a significant component of quasi-pristine gas that
contains only a little amount of metals almost entirely coming from
SNIa sources. This gas has very low ZFe and has been probably
enriched by late SNIa episodes far away from SF regions, given
that long-living stars have more time to move away before dying as
SNIa and polluting the surrounding medium.

Both Figs 12 and 13 remark that the properties of the tracked
gas with respect to the enrichment sources are essentially the same
independently of whether it is residing within a halo (either the
main or a neighbour one) or not, from z = 2 down to z ∼ 0. The
results obtained with our current modelling of chemical evolution
and AGN thermal feedback, further support the idea that the bulk
of the enrichment is not happening ‘in situ’ within the formed
clusters, but is rather the result of a more complex and continuous
process of accretion of both pristine gas and highly metal-rich gas,
that was previously enriched within neighbouring substructures that
eventually merge on to the main halo.

5 SU M M A RY A N D C O N C L U S I O N

In this paper we focused on the origin of ICM chemical enrich-
ment in the present-day outskirts of simulated clusters from a set
of cosmological, hydrodynamical zoomed-in simulations of galaxy
clusters performed with an improved version of the GADGET-3 code.
The simulations include the treatment of a variety of physical pro-
cesses describing the physics of the baryonic component, among
which thermal feedback from AGNs. Results on the thermo- and
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Figure 13. From top to bottom, same as Fig. 12 for the tracked Hi, Me, and
Lo gas subselections, respectively. (Symbols refer to different environments
as in Figs 4, 8, and 12).

chemo-dynamical properties of clusters in these simulations have
been shown to agree with a variety of observational pieces of ev-
idence in a series of recent papers (Rasia et al. 2015; Biffi et al.
2016; Villaescusa-Navarro et al. 2016; Biffi et al. 2017; Planelles
et al. 2017; Truong et al. 2018). Here, we traced back in time the
hot gas particles that reside in the outskirts of the cluster at z = 0,
defined as the region between 0.75R200 and R200, and investigated
the evolution of their spatial distribution and enrichment level and

source, up to z = 2. We remark that the properties that we discuss
are always referred to the gas residing in the present-day outskirts
and tracked back in time, only.

With the present analysis we aim at the detailed origin of the re-
markably uniform metal enrichment typical of present-day cluster
outskirts, which is found both in observations (Werner et al. 2013;
Simionescu et al. 2015; Urban et al. 2017) and in simulations (Biffi
et al. 2017; Vogelsberger et al. 2018). From simulations, we find that
the flat metallicity and abundance profiles at large cluster-centric
distances turn into steeper and lower normalization gradients when
exclusively stellar feedback is included in the simulations. This is a
footprint of the crucial role played by high-redshift AGN feedback
in distributing the metal-rich gas far away from star formation re-
gions, out and much beyond the virial radius of surrounding haloes
in the protocluster environment.

While we presented results for one single study-case cluster, we
find that very similar trends are confirmed when different clusters,
in terms of mass and cool-coreness, are investigated. This is dis-
cussed in Appendix A. In particular, we find that the key feature
of the present-day iron abundance distribution of the hot gas in the
outer cluster shell, namely the secondary peak around solar values,
is always present in the four clusters analysed, and already from
redshift z = 2.

We summarize hereafter our main findings.

(i) A component of the gas selected in the present-day outer shell
of the AGN cluster is highly enriched with iron, with ZFe peaked
around solar values. This component dominates the MW average
Fe abundance. We find that this component is also already present
at z = 2 and already with significant enrichment level, while the
fraction of median-ZFe gas increases, due to the later enrichment.

(ii) Most of the gas in the present-day outskirts has been accreted
on to the main cluster only recently. At z = 0.5, about ∼70 per cent
of the gas found in these regions was not yet accreted on to the main
halo. At redshift z ≥ 1 more than 60 per cent of this gas is in the
diffuse component or in much smaller haloes.

(iii) The MW iron abundance typical of this tracked gas is com-
prised between 0.1 and 0.2 solar, and does not evolve much as long
as it is residing in any halo, either main or not, at higher redshifts.
The gas in the diffuse component increases its MW ZFe only by a
factor of a few (from 0.02 to 0.15 ZFe, �), mainly due to the fact that
the diffuse component at high redshifts is diluted by a significant
fraction of pristine gas.

(iv) From the backward tracking of the gas particles, our results
indicate that the highly enriched gas residing in the outskirts at z = 0
was already significantly enriched at higher redshifts up to z = 2
(when, ZFe ∼ 0.4–0.5 ZFe, �). This gas has been likely enriched
at even higher redshifts, during or before the peak of star forma-
tion, and was later accreted on to the main cluster, together with
more pristine gas, both from the diffuse component and through the
merging with surrounding haloes during the cluster mass assembly.

(v) The chemical enrichment of the tracked gas is overall domi-
nated, in mass, by the metal pollution due to SNII (∼55–65 per cent,
from redshift z = 0 to z = 2). This is essentially driven by the enrich-
ment characteristics of the most metal-rich gas (for which the SNII
metal mass fraction is ∼60–70 per cent, in the range 0 < z < 2).
There is however a gas component, the one with median or very
low iron abundance, which is mainly enriched by SNIa (∼60–
80 per cent, from redshift z = 0 to z = 2) – and partially AGB
(∼20 per cent at z = 0 to 30–40 per cent at z = 2) – products, in-
dicating that the enrichment, albeit modest, has happened at later
times and mostly far from SF regions.
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(vi) From the study of the enrichment sources, we note that this
shows no significant dependence on the environment where the
tracked gas resides at a given redshift. Relative proportions of metal
mass fractions for SNIa and SNII are the same for both the gas within
some halo (either main or neighbour) or in the diffuse component.

(vii) When we consider the simulation of the same cluster that
does not include AGN feedback but only stellar feedback (CSF), we
observe a sparser distribution of the Fe-rich gas, when the selected
particles at z = 0 in the outskirts are traced back in time. Also, their
typical metal enrichment level is lower and, in fact, their distribution
of iron abundances shows no component peaked at solar or higher
values, either at z = 0 where they are selected or at 0 < z ≤ 2.

The analysis presented in this paper confirms that the relatively
high and uniform metallicity of the ICM in the outskirts of nearby
clusters, traced by its iron abundance, is the result of the accre-
tion with time of both pristine and already highly enriched gas,
from both the diffuse component and from surrounding haloes in
the protocluster environment that later merge on to the progenitor
of the main cluster during its formation and mass assembly. After
the high-redshift pollution of the gas with metals, by both SNII
and SNIa, mixing and dynamical processes have played a major
role in distributing them and in shaping the present-day profiles at
large cluster-centric distances. Interestingly, we observe in simula-
tions that at z = 2 part of the highly enriched gas is diffuse and
resides outside of any intermediate-mass halo in the protocluster
region. This gas has been expelled out to large distances from the
pollution sites at higher redshifts by powerful AGN episodes in
small-mass haloes. This can be inferred by the comparison to sim-
ulations including only stellar feedback, where in fact the level of
ICM enrichment is lower and much more localized, confined to the
SF sites (see also Biffi et al. 2017).

While the present-day imprints of this pre-enrichment mecha-
nism have already found confirmation in observational pieces of
evidence, the ideal next step would be to push X-ray observations
of the ICM enrichment to the region close or immediately beyond
the virial radius or to the diffuse medium between pre-merging
systems, and to clusters at higher redshifts. In fact, this will help
constraining the widespread distribution of metal-enriched gas in
the protocluster environment (see also studies on galaxies in dense
protocluster regions at high redshifts, e.g. Overzier 2016), and the
later accretion of these metals to the cluster, rather than the in
situ production at lower redshifts. To this goal, next generation of
X-ray satellites with large effective areas and high-resolution spec-
troscopy, such as Athena (Nandra et al. 2013; Barret et al. 2016),
will enable far more detailed observations of the cluster outskirts
and reliable measurements of the ICM metallicities.

From the point of view of numerical simulations, we remark
here that a number of physical processes – such as dust production
and disruption or metal diffusion – are not yet included in this
set of simulations and will need to be accounted for in order to
pursue further detailed studies on the chemical evolution of galaxy
clusters. An additional limitation of the current simulation set is the
resolution, which prevents us from resolving the details of the galaxy
component in the clusters, especially at high redshift. Although the
ICM pre-enrichment picture presented here is consistent with results
from independent studies on higher resolution simulation sets (see
recent results by Vogelsberger et al. 2018), as a future improvement,
we plan to perform and investigate higher resolution simulations in
order to consistently explore the details of the galaxy population
within clusters, which interact with the ambient ICM since high
redshift and contribute to both energy and chemical feedback (see

e.g. Renzini & Andreon 2014). This will allow us to study the
details of the star formation history and chemical patterns of the
stellar component within galaxies, adding information to the picture
discussed in the present analysis.

Combining high resolution and improvements on the physical
description of the simulations will be crucial especially for detailed
comparisons with observational findings, also of the high-redshift
Universe, expected from upcoming missions like Athena.
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CLUSTERS

We performed a similar analysis to the one shown for D2 in the
previous sections on the representative subsample of clusters, for
which the tracking of the metal origin is available, listed in Table 1.
Far from having any statistical purpose, the aim of this test is purely
to explore whether dependencies of our results on the system mass
or central thermal properties exist or not.

Observational findings, as well as numerical investigations (e.g.
Barnes et al. 2017; Dolag, Mevius & Remus 2017; Vogelsberger
et al. 2018; Yates, Thomas & Henriques 2017), have shown that
the chemical properties of the ICM at large cluster-centric distances
is extremely uniform across different clusters, and is essentially
independent on the specific thermal properties of the cluster core,
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Figure A1. Distribution of the Fe abundance (w.r.t. solar values by
ANGR89) for the hot-phase gas particles selected to reside within [0.75–
1]R200 at z = 0 and tracked back in time, shown for z = 0 (solid lines) and
z = 2 (dotted lines) for all the four clusters as in the legend. Vertical lines
correspond to the MW value of each distribution.

such as cool-coreness, which cause instead a larger variation in the
core, from cluster to cluster. Here we further explore whether this
homogeneity regards as well the origins of the present-day outskirts
metal content.

With the same criteria used for D2, we select and track back
in time the gas in the outskirts of the present-day clusters in Ta-
ble 1 (namely the hot-phase ICM enclosed in the spherical shell
between 0.75R200 and R200) and we find no remarkable differences
between D2 and the other three systems. The distribution of the iron
abundance of the selected gas at z = 0 and its evolution at higher
redshifts presents in fact the same features than those presented in
Figs 2 and 9. More specifically, the characteristic peak at high iron
abundances is found in all the four clusters (either small or massive,
CC or NCC) and is already clearly present at z = 2, indicating that
gas was already significantly enriched by then. This is visible from
Fig. A1.

Furthermore, the MW iron abundance of the tracked gas always
moderately varies between 0.1 and 0.2, if enclosed within some
halo in the region, whereas it increases from ∼0.02–0.03 at z = 2 to
∼0.1–0.15 at z = 0 for the gas in the diffuse component. When the
gas traced is selected on the base of its present-day iron abundance,
we also find similar results to those discussed for D2. Also, the
contribution to the metal mass budget of the selected gas is always
dominated by SNII, with similar proportions than in D2. The iron-
poor gas, instead, is also in all these cases primarily polluted by
SNIa at all redshifts, indicating a late and limited enrichment far
from the active star formation regions.

This further confirms the uniformity of the metal enrichment in
the outskirts of clusters at z = 0, independently of their mass and
central thermal properties. Also, they support the idea of an early
enrichment to which both SNIa and SNII have contributed, mainly
within small high-redshift haloes from which the metal-rich gas has
been pushed out by early AGN feedback, able to overcome their
still shallow potential wells. The pre-enriched gas was then accreted
from both the diffuse component as well as with the merging of the
surrounding haloes during the formation of the cluster. Essentially,
the backward tracking analysis adds an important piece to the puz-
zle: not only the present-day metal distribution of cluster outskirts,
but also the origin of the metals and their evolution in the ICM at the
periphery of clusters of different mass and thermal core properties
share remarkably similar features.

We note that minor differences among the four clusters analysed,
mainly in the values of MW ZFe of the tracked gas residing within
surrounding haloes, rather correspond to differences in their dy-
namical history and mass assembly. For instance this can be related
to the presence of – and merging with – systems, in the protocluster
environment, that have comparable mass to the main progenitor,
rather than the accretion of smaller mass (by a factor of 2 or more)
haloes such as in the case of D2.
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