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We thank the reviewer for their constructive feedback on our manuscript. The review raises some important
omissions from our original manuscript, which did not provide a thorough enough discussion of the uncer-
tainties and assumptions of our modelling approach, which do not consider some aspects such as heat transfer.
It also raises the issue of our interpretation of pluton age distributions as akin to ‘monotonic cooling’ which
requires much more in depth discussion. We provide detailed comments to each point raised by the reviewer
below.

This paper presents a comprehensive statistical meta-analysis of CA-ID-TIMS zircon age data, identifying
differences in the skewness of age distributions across different magmatic environments. The analysis suggests
that volcanic and porphyry age distributions often show left-skewed patterns, whereas plutonic distributions
tend to be right-skewed. While there is considerable overlap between the age distributions, the overall trend
appears consistent and aligns with intuition based on cooling rates. The empirical confirmation of such
expectations is valuable.

The paper’s strengths lie in its rigorous statistical approach, including quantitative assessments of potential
biases and uncertainties. Although not new, the effect of subsampling of zircons is studied, which is useful in
a practical sense. Most of the relevant literature is cited, the methods are clearly explained, and figures are
well prepared making it straightforward to follow the manuscript.

The authors extend their analysis by proposing an explanation for the observed skewness differences, using
a thermodynamic model combined with zircon saturation and bootstrapping techniques. Based on this the
authors suggest that eruptive sampling of a monotonously cooling magma body is an important process in
controlling natural zircon age distributions, with implications for using these distributions to infer magmatic
fluxes from thermal modelling. However, I find this aspect of the study problematic for several reasons:

It is well established based on thermal modelling that simple, monotonous cooling of a magma body will not
produce zircon crystallization durations like those shown in your compilation. Most plutons are assembled
incrementally, with even small, shallow laccoliths exhibiting zircon age distributions that are inconsistent
with simple, homogeneous cooling at the emplacement level. Thus, attributing a significant role to eruptive
subsampling in a monotonously cooling magma reservoir has limited relevance for explaining the observed
zircon age distributions.

We understand the point of the reviewer here that, according to models, monotonic cooling of small scale
plutons might not be able to produce >100 kyr durations of zircon crystallisation. We do not intend to state
that large plutons are assembled as one batch of magma emplaced in cold crust (e.g. diapiric emplacement),
which is not possible. However, it is a key observation of our study that many plutonic systems exhibit
negative skew at a hand-sample scale that is consistent with monotonic cooling (Watson 1996, Keller et al.
2017). There could be a number of factors that reconcile these diverging observations and we have added an



extended discussion to the revised manuscript. Perhaps, (1) the incremental pluton assembly and thermal
maturation of the crust required to form a large volume of magma in the upper crust can eventually sustain
some degree of monotonic cooling on a hand-sample scale. This would however not be true on a pluton
scale where the cumulative zircon distribution across the whole pluton might be dominated by the cooling
effect and have young skew. (2) One may also consider that some intrusions considered in this study, such
as the Bergell intrusion, were emplaced at mid-crustal depth. At this emplacement level, given the thermal
state of the surrounding crust, >100 kyr zircon crystallization might be a plausible occurrence even at the
hand-sample scale. (3) We also note that although monotonously cooled bodies are assembled incrementally,
the timescale of assembly may be significantly shorter than the timescale of cooling.

This issue is even more problematic when considering that heat transfer modelling shows that monotonous
cooling of an intrusion does not necessarily produce a right skewed zircon age distribution in the first place.
Using thermodynamic modelling and bootstrapping to obtain synthetic zircon ages, you assume that the
thermal evolution can be described by a single time-temperature curve. If the heat equation is used instead
to model cooling of an intrusion in 3D, we’ll find that the magma spends the longest time at temperatures
with smallest temperature gradient to the surroundings. This shifts the synthetic zircon distribution to the left
depending on the conditions.

We believe the reviewer here refers to the paper of Schmitt et al. 2023 who show that their thermal models
coupled with zircon saturation models produce age distributions with a young skew. As the reviewer points
out, this is at odds with the shape of age distribution predicted by simple thermodynamic and zircon solubility
models (Watson 1996, Keller et al. 2017). Our study shows that natural zircon age distributions in plutonic
rocks tend to display an old skew (Fig. 5), as was previously noted by Samperton et al. (2015) for the Bergell
intrusion and later by Tavazzani et al. (2023) for a selected number of plutonic bodies. Assuming that the
modeling effort of Schmitt et al. (2023) correctly predicts the coupled thermal-zircon saturation evolution of
a cooling intrusion, the reasons for this discrepancy could be due to many different factors:

1. Although a batch of magma might spend the longest time at near-solidus temperatures, the crystallisation
of zircon may still proceed according to the predictions of Watson (1996) where most zircon mass
precipitates upon zircon saturation

2. In plutons, zircon crystallised closer to the solidus may be hosted in melt pockets rather than armoured
by major rock-forming phases. This may lead to preferential "loss" of younger zircons during melt ex-
traction episodes to feed volcanic eruptions or shallower intrusions (e.g. porphyry dikes), preferentially
leaving behind the earlier-formed zircon in crystals and thus generating an old skew

3. In complex natural cases, zircons sampled in individual hand samples are likely to reflect the juxtaposi-
tion of zircon from various stages of a trans-crustal magmatic system and therefore comparisons with
thermal/statistical models of zircon crystallisation in a single magma reservoir cooling in the upper
crust are not necessarily valid

4. The overall cooling of an intrusion may not be a monotonic time-temperature curve due to heat transfer
to the surrounding crust, but on a hand-sample scale (i.e. the volume of material considered in any
geochronology study) it may proceed according to monotonic cooling.

Of course, we cannot provide a sole answer to this issue, but we have enhanced the discussion with the
aforementioned points. A few paragraphs and a new section have been added to the revised manuscript.

When it comes to calculating synthetic zircon age distributions, the spatial and temporal dynamics of heat



transfer are hugely important. Given that heat transfer is ignored in your modelling, I don’t think that the
presented cooling, recharge and subsampling scenarios are particularly insightful.

We emphasise that the underlying zircon crystallisation distributions from which our bootstrap sampling
operates cover the extremes of skew that might be possible for zircon crystallisation, with monotonic cooling
(extreme old skew; e.g. Fig. 7) and repeated recharge (extreme young skew; e.g. Fig. 9 right panel) scenarios.
One of the main conclusions of our paper is that truncation plays a key role in generating different skew of
plutonic and volcanic/porphyry age spectra, and that this is not dependent on the mechanism by which the
underlying distribution is generated (i.e. heat transfer modelling included or not). Although there may be
disagreement on the validity of the “monotonic cooling” distribution, it is consistent with what is observed in
plutonic zircon age spectra and is a valid basis from which we can perform bootstrap sampling.

The study’s words of caution against using zircon age distributions to infer magma fluxes via thermal
modelling in volcanic settings may mislead readers. Specialists in this method may find this feedback
irrelevant as heat transfer is not considered, while non-experts might be encouraged to discredit the results
of these studies. Rather than discouraging the approach, the study should acknowledge the limitations of
its current modelling and emphasize that magma flux quantification requires thermal models accounting for
complex magmatic processes and 3D heat transfer.

We agree with the reviewer that we must add a more comprehensive discussion of the limitations of our
forward models, and that they do not consider heat transfer. However, we would like to remark that we are
not stating that inversion of volcanic zircon age spectra using 3D heat transfer results to obtain magma fluxes
is a flawed workflow. Rather, our word of caution is that if the effect of truncation is not considered, the
magma flux estimates obtained might be inaccurate. We realised that the previous wording might have been
blunt and therefore have been more specific and less critical of these studies in our revised manuscript.

I do not suggest re-running the entire study with thermal modelling but rather recommend a more detailed
discussion of the assumptions and limitations inherent in the thermodynamic modelling approach used here.
Additionally, based on the comments above, revisiting the conclusions on the relevance of the proposed
truncation process and on magma flux quantification, as well as exploring other potential causes for skewness
differences—such as emplacement depth—would enhance this paper. For instance, could left-skewed plutonic
distributions correspond to shallower intrusions with rapid cooling rates?

We agree that a more detailed discussion of our assumptions and limitations is required. We maintain that
truncation does have a large effect but have toned down the criticism of magma flux quantification. As the
reviewer recommends, we have also added a more detailed discussion on potential other causes for skewness
differences (e.g. melt removal to feed a volcanic eruption, mixing of zircon populations during the eruption,
depth of emplacement). We note though that although the depth of emplacement would certainly impact the
duration of zircon crystallisation due to slower cooling, we cannot be certain of a large effect on the skew.

I would be happy to support publication of this article if the authors address the issues raised above.
Other comments:

L12-14 At this stage I've got lost without reading the rest of the paper. Could you already here briefly explain
how you go from bootstrapping to inferring the processes controlling the difference between volcanic/porphyry
zircons on one side and plutonic zircons on the other.

We agree the link between bootstrap sampling (forward modelling) and the natural age distributions is missing
here. We have added now a sentence to mention that the synthetic distributions are also cast to PCA space of
the dissimilarity matrix of natural data to permit comparison.



L14-15 Here as well, how do you find that higher fluxes can contribute to the skew?

This is based on underlying zircon age distributions generated under different recharge scenarios. We agree
it would be useful to add this information to the abstract. Please see the following revised sentences in the
abstract:

L34-36 I don’t think we can say this with any certainty at this stage. Yes, the early work (Caricchi et al. 2014,
2016) seemed to suggest that there are higher fluxes at work in large eruptive systems compared to plutons,
but it turned out that the originally proposed methodology, based on similarity of zircon age distributions
(the topic of this work), is too much impacted by statistical biases to reconstruct magma fluxes. That is why
other authors used a different sort of approach based the age span, temperature distributions and geological
constraints to recover fluxes. A second complication in all this is that different authors use different measures
of fluxes such as volume fluxes km3/yr and others area normalized fluxes km3/km?2/yr. If we consider Toba
as an example (Liu et al. 2021), reconstructed volumetric fluxes are one of the highest ever quantified, while
the area normalized flux is less than a typical stratovolcano. This makes a huge difference and is also not
considered in the early papers that claim systematically different fluxes for plutons and caldera forming
systems.

We agree with the reviewer that this cannot be said with any certainty. The papers of Caricchi et al. (2014,
2016) were a key motivation behind our study and we do feel it is important to mention their initial findings
here. We acknowledge that the later papers we cited here (Weber et al. 2020 and Schmitt et al. 2023) use a
slightly different approach including additional components such as Ti-in-zircon thermometry.

L47-49 1 have a somewhat strong opinion on this but to me this assumption does not make sense at all.
Grounding the comparison of zircon age distributions on autocryst-antecryst differences is rather misleading.
There is plenty of evidence that magmatic systems are built incrementally by repeated injection of magma
batches. Thermally it is quite difficult to produce any long ranging zircon age populations without incremental
assembly, given that large single reservoirs would lose heat too quickly. A single magmatic system can
therefore contain multiple subsystems that may or may not show some chemical differences in zircon
chemistry given variations in recharge magma compositions, differences in partitioning of trace elements in
different parts of a reservoir, depth-dependent differences in crustal melting efficiency, and many other factors
that would lead to distinct differences in the chemistry of zircons that then could be interpreted as antecrysts.
This does not mean that we can’t make sense of the age distributions or have to exclude these crystals. None
of this is a real problem if the goal is to reconstruct magmatic fluxes or to understand the general dynamics of
magmatic systems.

We understand that there is a philosophical issue here in what an antecryst actually represents. As mentioned
later on, the exclusion of antecrysts may be detrimental to the understanding of the magmatic system. However,
what we mean here is that when zircons are analysed in a rock and compared between different magmatic
systems, we need to have a consistent way of comparing these. Some rocks may contain zircon crystallised at
multiple depths from multiple pulses of magmatism, which are entrained on ascent, whereas other rocks may
contain zircon only crystallised from the latest pulse and do not entrain grains from multiple depths. This may
not necessarily reflect changes in magma flux, but could rather be related to what is sampled by the magma.
Some antecrysts may crystallise at completely different depths to the main zircon population and would not be
sensible to use them in understanding the temporal-thermal evolution of the upper crustal system. Therefore
we try to systematically filter the main, youngest population of zircon to isolate zircons from the youngest
magmatic pulse (i.e. autocrystic s.l.). This strengthens the comparison between age spectra of different
magmatic systems. We do however recognize that the original sentence here needs rewording as it was a bit
misleading since our method is not the only contribution aimed at comparing zircon age distributions.



L78 Antecrysts cannot be more easily identified with this approach but xenocrysts can.

This is fair enough, at this stage of the manuscript we do not want to enter the antecryst debate so have
switched the wording here to give xenocrysts as the example

L84-88 The term “magmatic event” is not right here given that you consider the entire evolution or at least
large parts of the history of a magmatic system e.g. over 500 ka in the example you give above.

Thanks for pointing this out, we agree it is not a useful term as a magmatic event could even refer to a volcanic
eruption. The paper of Miller et al. (2007) which defined this term uses ‘pulse’. We have therefore used this
term instead:

L85-89 See discussion about antecrysts above.
See our comment above.

L92 “making the autocryst—antecryst divide ambiguous, and possibly detrimental to the understanding of the
underlying system”. Okay, couldn’t have said it better.

Thanks.

L106 “... ECDF older than the two youngest dates (to ignore age gaps at the young end of the distribution
which are not considered here):”. That is fine but I wonder why only the two youngest dates? Don’t you have
any gaps that could be beyond that threshold in the young part of the distribution?

We agree that the setting of this parameter is a bit empirical for now. Because we deal with young datasets,
and any obvious Pb loss was removed manually, we in general did not have to deal with young anomalies
during the filtering process. We set this value to 2 in order to ignore any anomalously young dates that
may persist, but also did not want to use a higher value as this then increases the weighting of old outliers
in the distribution and filters these overly rigorously. Setting this number more objectively is undebatably
challenging.

L150-153 A minimum of 10 zircons to resolve the shape of the distribution seems rather optimistic given the
bootstrapping you show later in Fig. 7.

Indeed we agree that what is shown in Figure 7 is not hugely convincing for the choice of 10 zircons.
However, as we discuss in the manuscript and as shown in Figure S8, this choice of minimum zircons can still
capture the underlying distribution, even though there is considerable scatter that we quantify. Even with this
threshold, we can still see broad differences between different rock types. As we mention in the manuscript,
it would be ideal to set the threshold higher but we would lose most of our data and this study would not be
possible. As more datasets are published and compiled we hope the filtering process can become even more
rigorous and will allow us to further refine the differences that exist between different magmatic products.

L.253-254 “overall divide” is somewhat of an overstatement given that most of the volcanic and plutonic
distributions overlap. I agree that there is a tendency for the volcanics and porphyry to be left skewed and
right skewed for the plutonics.

This is a fair point. We have adjusted this sentence in the revised manuscript to reduce the emphasis on this
separation being very clear.

L359-374 1) Given that there are only a few, if these are the part of second older age population could be
tested by simply looking at the relevant datasets.



This is a fair point, though it is difficult to say for sure just from looking at the spectrum whether it comes
from a second older population or is just from sampling statistics. We have therefore added a sentence to state
that.

2) Your bootstrapping plot (Fig. 7) shows quite some variability also for the n=30 case. My suspicion is
that you could also explain the extreme cases if you slightly change the shape of the theoretical sampling
distribution and/or just use more iterations.

True. But this is our objective with sampling different underlying age distributions generated with repeated
recharges (Fig. 9). Even with 100 iterations and a very young skewed distribution it is still difficult to generate
those distributions (Fig. 9 right panel). So we maintain our idea that incorporating an older population could
be an important factor. As the reviewer mentions earlier, these antecrysts are probably quite common and
difficult to resolve.

L338-444 FYI. The effect of the specific zircon saturation curve in use is quite large when calculating
synthetic zircon distributions based on thermodynamic modelling. However, when using heat transfer the
effect of the temperature distribution through time is much more important. In this case, switching the zircon
saturation model around has only a minor effect on what the synthetic zircon distribution looks like, so this is
secondary at best.

We agree with the reviewer here. This section does not discuss different zircon saturation curves and instead
deals with the effect of greater numbers of recharge in a magma reservoir and shifting the peak of zircon
crystallisation towards the solidus. Our point is to show what the shift is in the modelled age distribution with
increasing number of recharges.
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