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Our manuscript (MS) "Baddeleyite microtextures and U-Pb discordance: insights from
the Spread Eagle Intrusive Complex and Cape St. Mary’s sills, Newfoundland, Canada”
has been reviewed by Ulf Séderlund (RC1) and an anonymous reviewer (RC2), to
whom we like to express our gratitude. They perceived several weaknesses in the
current form of the MS, to which we respond below (RC1 and RC2 concern largely
similar aspects, therefore we address both in a single response).
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Before addressing the major points of criticism in detail, we wish to clarify a potential
misunderstanding of our intentions regarding this MS. RC1 is positive about the data
and their geologic significance, but critical about the scope of the MS. The title, ab-
stract and introduction of the original MS provocatively emphasized baddeleyite discor-
dance as its main focus, because this is an unresolved problem for many applications
of baddeleyite geochronology. We agree that this can be perceived as overreaching.
Originally, the project started as a case study to constrain intrusion ages of mafic dikes
and sills in Newfoundland, with the side topic of obtaining some methodical insights.
However, due to the complexity of the obtained dates, addressing causes of badde-
leyite discordance became an essential issue. We agree with RC1 that the selection of
the samples studied here was not suited for addressing such a broad topic that chal-
lenges baddeleyite geochronologists already for a long time. We nonetheless believe
that lessons learned from our case study make this a worthwhile contribution within
the scope of the journal. To avoid future misunderstandings of our intentions, we pro-
pose to change the title into "Multi-method U-Pb baddeleyite dating: insights from the
Spread Eagle Intrusive Complex and Cape St. Mary’s sills, Newfoundland, Canada".
This indicates the paper as more than simply a regional study, but removes any infer-
ence that we will resolve baddeleyite discordance completely. Our discussions about
baddeleyite discordance based on our data will remain in the paper, but we will recast
their presentation to clarify that they are necessary complexities, not the primary goal.

RC1, C2: “l find this study too ambitious in its aim to deal with far too many of these
complexities. The ms would benefit from instead focusing on one or two, starting with
careful selection of suitable samples depending on what mechanism(s) to be study.”

We agree that a systematic study of baddeleyite discordance should be planned in the
way proposed by RC1. Nonetheless, we think that some of the complexities we en-
countered in our study are of broader significance. Thereby, we propose to change the
title and rewrite certain paragraphs to downplay explaining discordance of baddeleyite
data in general as the primary goal.
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RC1, C2: “I agree that “microscale imaging is powerful for extracting reliable age in-
formation from complex baddeleyite grains”, but that is something | would say most
geochronologists already would agree on.”

We agree with this assessment. Nevertheless, we learned a lot from imaging crystals
before and after analysis, and this is not always common practice. Some of the textures
in our crystals have not been previously documented, and the microtextural information
is critical for the interpretation of our complex data. We will rewrite sections to avoid
sounding like the use of microtextural information is a new discovery, and instead,
simply focus on its application to our samples. The value of microtextural information
should be evident by this approach.

RC1, C2-3: “If choosing high-quality grains from rocks of different age (that could in-
clude bd reference samples), such study could also address the effect of oxygen flood-
ing depending on crystal orientation. Perhaps the authors would then be able to identify
a threshold with respect to age of sample when 206Pb/238U dates are preferred over
207Pb/206Pb dates. On the other hand, if you want to deal with discordance related
to metamorphism, then it would be advantageous to exactly know the age of metamor-
phism, and preferably work on samples with large time differences between protolith
age and age of metamorphism.”

We fully agree with RC1. We would like to emphasize that some of these aspects (e.g.,
the impact of oxygen flooding) have already been addressed in previous publications
using suitably homogeneous baddeleyite reference materials. We therefore refer to and
have cited these publications. Our new title and decreased emphasis on discordance
should minimize this concern.

RC1, C3: “The samples studied here have protolith ages of ca. 500 Ma and 440
Ma, and which have “experienced deformation and pervasive low-grade metamorphism
lasting from ca. 420-360 Ma”. | am sure the authors agree on that in order to evaluate
the relative importance of controls causing discordance one should select samples that

C3

have significant age differences with respect to “protolith age”, “metamorphic event”
and “recent Pb loss”. The samples chosen for this study do not fulfill these criteria.”

Again, we agree with RC1. However, our study did not intend to focus mainly on this
aspect, and we will change the title and emphasis to avoid this criticism.

RC1, C3: “The obtained crystallization ages of these intrusions are overall robust and
| would suggest the authors to considering publish these in a more regular “geological”
journal.”

We maintain that the detail of microtextural analysis and the combination of in-situ and
high-precision techniques is of more interest to geochronological practitioners (and
hence within the scope of GChron) than just consumers of geochronological data. We
believe that many valuable methodological aspects of our study would get lost if pub-
lished solely targeting an audience interested in the regional geology.

RC1, C3-4: “1. For two samples, FP6D monzonite and S2E granophyre, the authors
discuss the negative lower intercepts possibly reflecting remobilization of 222Rn. From
my experience negative lower intercepts is something one see very rarely. The lower
intercept of S2E is -229 +/- 370 Ma, thus within 0 Ma given the uncertainties so you
cannot really state the L.i. is negative for that particular sample within stated uncertain-
ties. The negative l.i. age of FP6D is largely controlled by fraction #11. | recalculated
that sample, and if removing that analysis in the regression one still end up with a neg-
ative Li. but then very close to “embrace” 0 Ma. You may be right, but more evidence
is required.”

RC2, C2: "For samples FP6D and S2E, the 207Pb/206Pb ages are essential the same
within the analytical errors and could be used with caution to discuss the linear corre-
lation with the percentage of discordance.”

Our interpretation of preferential 206Pb loss was not reached lightly, but involved nu-
merous considerations, such as common Pb composition and various linear regression
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strategies. Our original presentation of the ID-TIMS data attempted to be concise and
may not have adequately presented these considerations, leaving our conclusion open
to scepticism such as expressed above. We propose to expand the presentation of
ID-TIMS data to better forestall these types of objections.

It may be that 206Pb-biased loss in baddeleyite is rare, or that it is ubiquitous, but rarely
evident outside of bulk (unbiased) Pb loss and analytical error. Recent high-precision
U-Pb data for baddeleyite and co-existing zircon from the Duluth gabbro (Hoaglund,
2010; Ibanez-Mejia and Tissot, 2019) require either 206Pb-biased loss in baddeleyite,
or excess 207Pb due to the incorporation and decay of 231Pa, and in several early
studies 206Pb loss was proposed to explain differences between dates of baddeleyite
and co-existing minerals (Davis and Sutcliffe, 1985; Heaman and LeCheminant, 2000).
Excess 207Pb cannot explain our data from FP6D. We contend that the extreme discor-
dance of our data, especially from FP6D, and an apparent correlation between 206Pb
loss and bulk Pb loss provide an additional example of 206Pb-biased loss in badde-
leyite. This is an unsettling conclusion and will likely be met with scepticism, therefore
we plan to expand the ID-TIMS data presentation and discussion.

RC1’s contention that the negative lower intercept of FP6D is largely controlled by frac-
tion #11 is misleading and not accurate. Fraction #11 is the least discordant analysis
(thereby has the least amount of Pb loss), it is the most precise, has one of the high-
est radiogenic to common Pb ratios (Pb*/Pbc of 16.8) and is arguably the most robust
data point from the whole sample. Removing it from the regression is ill-advised. A
better test of whether the lower intercept is negative due to correlation between bulk
Pb loss and 206Pb-biased loss, is to calculate the regression of the 4 most discordant
analyses, the ones with the most total Pb loss. This leads to a lower intercept of —466
+ 390 Ma, similar to the regression using all 6 analyses and negative outside of error.
We will add this test to our discussion of the ID-TIMS data, along with a much more
thorough presentation of potential impacts of our choice of Pb isotopic composition of
the common Pb.
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RC2’'s comment that the 207Pb/206Pb dates are within error isn’t correct for FP6D, as
the individual 207Pb/206Pb dates lack consistency. Both RC1 and RC2’s comments
point out inadequacies in our presentation, which we will try to address with additional
text.

RC1, C4: “2. Likewise | am not convinced about the interpretation of zn-bd intergrowth
in one of the samples (FP12, SEIC?), i.e. zircon cores surrounded by baddeleyite
are xenocrysts. From a textural viewpoint, it seems that many zn-bd intergrowths are
sometimes very complex with “irregular” boundaries between bd and zn. Can you be
sure this core-rim relationship is not apparent?, i.e. the result of a cutting affects and
complex intergrowth? As argument you claim the zn cores are older than the rim, which
truly would justify the zn cores to represent xenocrysts. Figure 10 shows one of these
zn-bd grains. | agree the cores seem to have older 206Pb/238U dates, but here comes
the difference between “age” and “date” into play. | doubt the zircon analyses have sig-
nificantly older 207Pb/206Pb dates? Looking at the SIMS data on standard samples
(SL18, Figure 9), the 206Pb/238U are not always reproducible, at least not from in-situ
analyses. Possible biases related matrix-effects from these complex grains in the SEIC
sample(s) should be even greater for composite grains, yielding 206Pb/238U that well
could be biased towards older dates. Finally, | have problems imaging the process.
Baddeleyite that forms in igneous systems (i.e. from Si-poor magmas) requires that
magmas eventually reached Zr-saturation. This is why Bd is always (with rare exep-
tions) found in interstitial volumes representing the last % of liquid. Why and how would
zircon xenocrysts remain in the final liquids without being trapped as inclusions in early
feldspars and Fe-Mg phases?”

RC2, C2: “The interpretation of [...] xenocrystic zircons are not very solided based
on the presented evidences: [...] In sample FP12A, the 206Pb/238U ages are not
precise enough to drawimportant conclusion for such an unreported phenomenon; No
resorption textures can be observed to support the authors interpretation.”

Regarding sectioning effects, we have long worried about this possibility ourselves.
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Unless microbaddeleyite was imaged in 3D (a methodological challenge that would be
well beyond our means), we cannot for certain rule this out and in fact think that this is
possibly the case for some crystals imaged (most likely Fig. 4f). However, the crystals
we observed (Fig. 4e-l) sometimes even lack visible metamorphic zircon overgrowths
completely, and we observed this texture repeatedly in one sample, but not in others.
We are aware of the strong limitations of the SIMS data in this case, and will make sure
to emphasize the textural arguments in the revised MS rather than the SIMS data.

We agree with RC1 that zircon xenocrysts would theoretically be trapped in major
phases or dissolved before the last percent of melt crystallizes. Nonetheless, in the MS
we propose a possible mechanism to explain this observation, where localized Zr en-
richment from the dissolving zircon can be reasonably expected to trigger baddeleyite
saturation in a melt that is otherwise undersaturated, thus baddeleyite may crystallize
earlier as usual on such xenocrysts in rare cases. Indeed, as suggested by RC1, major
phases could trap these crystals, and we have possible evidence of this. For example,
baddeleyite crystals with zircon interiors in Fig. 4e/10 are not from an interstitial melt
pocket, but from the margins of a partially chloritized pyroxene phenocryst, suggesting
that crystallization of the pyroxene may have caught this process in the act. We will
add this observation to the text.

In a revised version of the MS, we would maintain presenting textural arguments for
xenocrystic zircon cores and give more emphasis that this is a rare textural observation
restricted to sample FP12A. This can be done rather concisely, not requiring for a
separate subchapter as in the original MS. We would keep our textural compilation
(Fig. 11) and add a question mark in Fig. 11c.

RC1, C5: “| am confident that at least two of the co-authors of this ms would agree on
that the most important “approach to obtain accurate ages” would be if we spent only a
bit more time in the field to find the best, coarsest, most pristine, and the least altered
sample. [...] So, if the authors in future manuscripts want to discuss “approached to
improve accurate U-Pb baddeleyite ages”, then do not forget to highlight that selection
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of sample for processing should be given highest priority.”

We fully agree with RC1 that careful sample selection in the field can reduce com-
plexities and we will add this specifically to our list of strategies for improving bad-
deleyite dates. Our field work in the investigated units followed this approach. We
chose the samples for dating carefully from the large sample set we collected and we
will emphasize this in the revised MS. However, orogenic metamorphism, and possibly
widespread hydrothermal processes following intrusion in an active rifting environment,
affected baddeleyite-bearing rocks in our study area pervasively. Such circumstances
are common in the geologic record, thus the results of our case study are of broader
significance.

RC2, C2: “The authors presented different sessions for the SIMS U-Pb analyses, which
are the important basis for the further discussion. The data are not in enough high
quality to do such things, including the discordance U-Pb ages and the inheritence of
xenocrystic zircons. The precisions of some data are even lower than those reported
in 1993

For addressing U-Pb discordance, our discussion is based more on the ID-TIMS data
than on the SIMS data. We want to clarify that our ID-TIMS data are less precise than
those of Greenough et al. (1993) because our data are from single crystals, whereas
the previous data are for aliquots containing dozens of crystals. We present a number
of different data sets and will try to be clearer about which data we used for which
conclusions.

RC2, C2: “The selection of 206Pb/238U or 207Pb/206Pb ages to represent the studied
samples are very arbitrary.”

We disagree. The MS carefully outlined alternative interpretations of the data. There is
a choice of “dates” (206Pb/238U, 207Pb/206Pb, concordia upper intercept, etc.) that
needs to attain an “age”, yet this process is not arbitrary but rather based on justifiable
hypotheses regarding the causes of baddeleyite discordance. In empirical sciences,
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making “wrong” choices cannot be ruled out, but we believe that we can present a
convincing rationale for our preferred “age”. We will attempt to make this clearer in the
revised MS.

RC2, C2: “What is unique for sample S2C to transform zirocn into secondary baddelyite
under low metamorphic conditions, which should be clear addressed.”

This aspect will be given more emphasis in the revised version.

RC2, C2: “The ages of the studied samples are not refined from the present study but
mostly cited from previous result to the selection.”

We think this criticism of RC2 misses some important points: (1) our age for S2E com-
bines data of Greenough et al. (1993) and our new analyses, lending more confidence
to earlier ages; (2) data for mafic dike FP6D is the first radiometric age ever reported
for the Spread Eagle Intrusive Complex (SEIC).

In summary, we see the following important implications of our MS that we will attempt
to strengthen in a revised version, showing that it transcends the scope of a regional
geology study:

(1) It is a comprehensive, multi-method case study of natural baddeleyite with complex
intergrowth textures and considerable degrees of discordance (in contrast to RC1, we
see this non-ideal behaviour not as a drawback, but as a strength of our study, because
such non-ideal samples are often the rule rather than the exception).

(2) We present a detailed microtextural documentation that, to our best knowledge,
shows some textures not previously documented. We may not be able to unambigu-
ously prove the origins of some of these textures, but we give well-founded hypotheses
that can lay the groundwork for future study.

(3) We show the suitability of the SIMS in-situ approach for Mesozoic samples (using
sample SL18 from the CAMP); something not previously demonstrated. This is also
important to bolster confidence in the data for the Paleozoic SEIC.
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(4) Using our samples, we discuss some of the conceptual limitations in reliable age
determination for baddeleyite crystals that show alteration features (e.g., common Pb)
and/or complex intergrowths. The complementary advantages of high precision and
high spatial resolution methods provide important information in such cases, but an
improved understanding of discordance is also critical for accurate age interpretation.

(5) We point to two aspects of baddeleyite discordance that are worth considering by
future geochronologic studies: first, that the rims of crystals appear to be more affected
by Pb loss than the cores (demonstrated by comparison of SIMS spot analyses to
bulk dissolution ID-TIMS data and the correlation of discordance with smaller grain
size in SL18), suggesting that Pb loss is diffusional, and second, that there may be a
component of preferential 206Pb loss in discordant baddeleyite data, at least in specific
cases. These implications have consequences for baddeleyite dating strategies. A
comprehensive treatise of all possible causes of discordance in baddeleyite is beyond
the scope of this MS, but our discussion may prove helpful to direct future attempts in
understanding aspects of baddeleyite discordance.

Specific changes will be made in the Introduction to better define the scope of the
paper according to the points made above. The chapters “Regional geology”, “U-Pb
geochronology methods”, and “Petrography” will only require minor modifications. In
“U-Pb results”, we will expand the presentation of ID-TIMS data to address some of
the scepticisms of the reviewers. We will re-organize the Discussion into two main
subchapters: “Occurrence, textures and interrelations of accessory minerals” and “In-
terpreting intrusion ages from non-ideal baddeleyite”. The present subchapter “Zircon
inclusions in baddeleyite” will be shortened and integrated into the first subchapter.

With our most sincere regards

Johannes E. Pohiner, Axel K. Schmitt, Kevin R. Chamberlain, Joshua H. F. L. Davies,
Anne Hildenbrand, and Gregor Austermann
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