
Reviewers' comments: 
 
Reviewer #1 (Remarks to the Author): 
 
This well-written manuscript relating the compositions of melt inclusions, matrix glass, and host 
olivines presents an interesting model for magma storage and mobilisation for the Kilauea system. 
While I have some minor comments regarding the data presentation and handling, the main issue 
I have is whether the findings advance our understanding of magmatic systems conceptually. 
 
I would like to summarise this concern by highlighting two statements in the abstract: 
“Entrainment of primitive olivines into more evolved carrier melts causes crystallisation on the 
inclusion walls and the sequestration of CO2 into vapour bubbles, producing spurious barometric 
estimates.” 
“Thus, the provenance of the melt inclusion record must be carefully considered before this archive 
is related to eruption-specific measures.” 
 
Both of these are presented as major findings and I don’t see how this is new compared to what 
we already know. E.g. A recent article by Ruth et al. published in Nature communications shows 
that magma storage, mobilisation and assembly can be complex especially when considering the 
integration of melt inclusions and host mineral chemistry. While they don’t specifically focus on 
mush piles in their paper, they definitely address the difficulties of ‘carefully’ considering the melt 
inclusion record. This is an example from an arc setting, however, the overall implications are the 
same. 
 
The former statement about the need to account for CO2 in bubbles and walls is even more well 
established in multiple papers (e.g.: Aster et al. 2016, Esposito et al. 2016, Moore et al. 2015). 
So, I am not sure that with the exception of an interesting mush pile model for Kilauea what else 
is conceptually novel. 
 
 
Minor aspects: 
It is unclear to me why new datasets were generated and supplemented with literature data. At 
the end most of the key results are largely on the basis of literature data (e.g. Figure 3b). 
 
I am also wondering about what the reference millenia-style storage is based on (fig. 2 and text 
references). The vast majority of the variations in Nb/Y is accommodated in the last <100 years 
(Fig 2a). So, the entire dynamics could still be reflecting that timeframe not requiring a long 
millennia scale mush (while I personally could see it existed, the data is not showing that). 
 
If you think the changes in CO2 are related to post-entrapment crystallisation and that Nb/Y is not 
affected by it, while incompatible element concentrations are getting enriched, it would be 
interesting to see this relationship between Nb and PEC or Y and PEC. 
 
How important is the high Nb/Y glass matrix sample to account for the excellent R2 in figure 2b. 
While that relationship is still there without this subset of data, it seems to be heavily weighted 
towards it. 
 
How much do you have to worry about diffusion effects on Nb and Y in the melt inclusions through 
diffusion in the olivine? While Cottrell et al (2002) suggested that incompatible elements should be 
safe, they also stated: “Examination of published trace element concentrations of olivine hosted 
inclusions show little evidence for reequilibration, at least for the light REE and other highly 
incompatible elements. It is difficult, however, to provide firm constraints due to the uncertainties 
in olivine diffusivities and the initial condition.” Diffusivities of trace elements in olivine has been a 
major debate in the last few years starting with Spandler and O’Neill (2010). If diffusivities in 
olivine are much greater than initially thought (especially for high Si activity systems) then fidelity 



of the trace element record in the melt inclusions may also be compromised, especially for 
millennia-old mush pile melt inclusions. 
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Reviewer #2 (Remarks to the Author): 
 
This paper presents and interesting and novel study of the relationship between melt inclusion 
bearing crystals and their carrier melts at Kilauea volcano. It provides important context for 
studies using melt inclusions (from Hawaii and elsewhere) and shows in a simple but convincing 
way that the inclusions in the more primitive crystals are probably the least faithful recorders of 
pre-eruptive conditions. This is contrary to what is generally assumed. It is well written and the 
data looks to be of high quality. I have no major concerns that would be a barrier to publication. 
The data presented certainly supports the conclusions. 
 
Prior to publication, however, they may want to consider adding some additional discussion on 
some of the unexplored aspects of their data/model. For example, why do the higher Fo olivines 
trap (on-average) more enriched melts than the lower Fo crystals? Is the implication that all MIs 
that have compositions that differ from the carrier melt are antecrysts? Or do they see a role for 
some of the MIs in recording the melt mixing process? While the mean of the lower Fo MIs 
matches that of the carrier melt, the range of values from several of the eruptions covers most of 
the 350 kyr range in Nb/Y. What do these outlier values represent? 
 
 
 
Reviewer #3 (Remarks to the Author): 
 
Key Results/Manuscript Summary: 
The manuscript titled, “Crystal scavenging from mush piles recorded by melt inclusions,” provides 
an evaluation of new and literature-derived in-situ geochemical analysis of glasses, melt 
inclusions, and olivines from the tephra and lava of historic eruptions from Kilauea Volcano in 



Hawaii. The data analysis of magmas from numerous eruptions identifies two main olivine 
populations: a lower Fo olivine population which hosts melt inclusions derived from a relatively 
shallow, magmatic reservoir with melt inclusions related to the matrix glasses and a higher Fo 
populations (more primitive) that hosts compositional heterogeneous melt inclusions populations, 
which are likely stored in deeper reservoirs (despite barometric estimates from CO2/H2O, which 
the authors suggest are underestimated because of post-entrapment processes), that are not in 
equilibrium with their host glasses. These results are used to hypothesize a model for a storage 
and ascent of Hawaiian magmas that involves scavenging of crystal cargo from more deeply stored 
reservoirs with heterogeneous melt inclusion populations. The manuscript warns that the presence 
of ‘antecrysts’ is a complexity that is imperative to identify in any studies utilizing melt inclusions. 
 
General Comments: 
 
While this manuscript provides an interesting case study and uniquely combines a variety of 
recently established hypotheses in the field of melt inclusion geochemistry, I do not feel that the 
manuscript adheres to the four main criteria for publication in a Nature Research journal. The 
manuscript is well-written and the data and analysis provide strong support for the presented 
conclusions, but it does not strike me to be “of extreme importance to scientists” in my field likely 
not “interesting to researchers in other related disciplines.” This is actually highlighted by the 
manuscript itself which relies heavily on previous interpretations to provide a framework for their 
study. For example, evidence for 2 separate storage reservoirs at Kilauea was first suggested 
based on Pb isotope distinctions (ref 15), and forsterite composition peaks previously attributed to 
crystal mush pile processes in Iceland (ref 21). Additionally, the final conclusion is that “extreme 
care is needed to correctly interpret melt inclusions” is not new – it is well-established through 
studies of major element variability (Newcomb et al., 2014), hydrogen diffusive loss (Bucholz et 
al., 2013; Lloyd et al., 2013), and the CO2 loss to vapor bubbles (e.g., Moore et al., 2015 and 
other refs presented in this manuscript). 
 
However, the figures and the data presented are of excellent quality. The figures, specifically, 
present the data with appropriate error bars/statistical significance for individual data points and 
models, and importantly provide and amazingly large amount of data/hypothesizes in a clean, 
organized, well-labeled, concise, and attractive way. The figures are seemingly dense prior to 
reading the text, but they are actually very well-supported by the textual information. 
 
Overall, I feel that further work might justify a resubmission although specific concerns must be 
addressed before a final decision is reached. 
 
Firstly, there needs to be some systematic way to reference different eruptions, eruption locations, 
and eruptions periods, etc. Because such a large amount of literature data and new data, and 
because the HI eruptions have their own place-based jargon, it is often difficult to recall which 
sample/eruption the author is referring to throughout the text. Additionally, the author refers to 
some of the same samples in different ways, referring to dates, locations, rifts, summits, extra 
caldera, etc. This is problematic for a short-format journal article meant for a broader audience. 
Perhaps referring to them separately isn’t actually necessary, and the authors can figure out a way 
to bin and label into 1-3 groupings and stick with a chosen definition or name for the remainder of 
the manuscript? 
 
I also feel that the CO2 story needs to be bolstered by calculated estimates of initial CO2. There 
have been numerous studies that investigate the loss of CO2 vapor bubbles, and the argument 
presented in this short manuscript concludes that they are unable to provide reliable barometric 
estimates despite a very shallow/brief comparison of the two olivine populations. I suggest the 
authors at least provide calculated estimates, because the CO2-related portion of the study is one 
of the more novel and seemingly important in this manuscript. There is also no mention of H2O 
contents and H diffusive loss, which should provide additional support for the conclusions. 
 



 
Line Edits: 
 
Line 41: “ascend beneath the summit region” is vague. Be specific about present estimate of 
storage from existing geochemical geophysical observations; perhaps give context of crustal 
thickness/MOHO depths. 
 
Line 42: “Change rapidly with time” is vague. Be specific about “time” – days to weeks? Weeks to 
months? Months to years? 
 
Line 45: “prominent cyclicity with a duration of 200 years” is vague. What kind of cyclicity? Max to 
max Nb/Y in 200 years? Or min to max in 200 years? Generally increasing Nb/Y or generally 
descreasing? 
 
Line 83-86: After each eruption, specify within the parentheses consistently whether or not the 
data is from the literature. Because the “extracaldera eruption of July 1974” specifically is referred 
to as literature data, it seems as though all other data is not from the literature, although it must 
be. 
 
Line 139: What timescale is suggested by ‘prolonged’ here? Can refer to timescales calculated by 
ref 21 for context/clarity. 
Line 155: Start the sentence with “The” rather than just the trace element acronyms. 
 
Line 159: Here, refer to the “shallow HMM” reservoir for consistency/clarity. Check use of shallow 
vs. deep and SC vs. HMM throughout. Why create an acronym for the reservoirs if you don’t use 
them all the time? 
 
Line 160: Are these the rift eruptions analyzed by this study? Or the literature? Please clarify – a 
first read-through of this is confusing for someone without a background in HI eruptions. 
 
Line 163: Which 17? Confusing reference and probably unnecessary. Just say 2 of the MI 
populations… 
 
Line 188: Why do the different reservoirs have to be relatively homogeneous, as mentioned in 
parentheses? Please explain further. 
 
Line 201 & 209: Avoid starting a sentence with an acronym. 
 
Line 217: Although lines 216-217 explain that CO2 needs to be physically measured in the vapor 
bubble, the authors can still make some estimates of initial CO2 without this measurement. 
Specifically, relevant papers by Wallace et al., 2015 and Rasmussen et al., utilize thermodynamic 
methodology, which only requires data that the authors have available. Although there are some 
discrepancies between measured and modeled corrected CO2 values (e.g., Aster et al., 2016), the 
authors should be able to demonstrate differences in corrected CO2 concentrations between melt 
inclusions in the two olivine populations, especially considering the difference in delta T and 
timescales of storage. 
 
In addition, how do entrapment depths calculated for <Fo84 olivines compare with geophysical 
observations of the HMM reservoir? Do they agree? Do the melt inclusions in <Fo84 olivines also 
contain vapor bubbles? Are the vapor bubbles different sizes in the different melt inclusion 
populations? 
 
Line 232: In this sentence, does entrainment refer to the same process previously referred to as 
scavenging? Please be consistent with this language as it is not widely accepted vocabulary, 
especially for a broader audience. 



 
Line 237: This point should also be made in the CO2 section, as it led to questions outlined above. 
However, it is still important to provide information about the presence or absence of vapor 
bubbles in this population and if so, why the depths are still well-constrained. 
 
Line 241: This sentence is vague. Please refer to which reservoirs are being replenished, etc. That 
is, write this sentence to be more specific to the system at Kilauea as outlined in the text – like the 
SC or the HMM reservoirs that are labeled in figure 4. 
 
Line 253: “Just prior to eruption” – what is the evidence that this occurs just prior to eruption? 
What is the timescale implied by “just prior?” 
 
 
Line 499: Write out dates for the “Ulu period” eruptions. It is difficult for someone unfamiliar with 
the eruptions in HI to recall this information from the main manuscript. 
 
Line 508: Write out the number of glass, melt inclusion, and olivine analyses performed. In 
particular, it is important to note the number of melt inclusions analysed from each of the 4 
different samples. 
 
Figure 1 &2: Label/Title 4 dated eruptions from which new data was collected for this study as “Ulu 
period” or “this study” to better clarify the source of those data. 



Reviewers' comments: 39 

Reviewer 1 40 
41 

This well-written manuscript relating the compositions of melt inclusions, matrix glass, and 42 
host olivines presents an interesting model for magma storage and mobilisation for the 43 
Kīlauea system. 44 

45 
We thank the review for their support of our model for Kīlauea. 46 

47 
 While I have some minor comments regarding the data presentation and handling, the main 48 
issue I have is whether the findings advance our understanding of magmatic systems 49 
conceptually. 50 



51 
I would like to summarise this concern by highlighting two statements in the abstract: 52 

(1) “Entrainment of primitive olivines into more evolved carrier melts causes53 
crystallisation on the inclusion walls and the sequestration of CO2 into vapour 54 
bubbles, producing spurious barometric estimates.”  55 

56 
We address the concerns regarding the novelty of our statements regarding PEC-57 
driven growth of bubbles in detail in the reviewers line by line comments (line 170-242 58 
below). We have significantly expanded the discussion to emphasize that, instead of 59 
invoking PEC due to pre-eruptive cooling during fractionation, PEC occurs suddenly 60 
due to rapid thermal re-equilibration between scavenged hot, primitive olivine crystals 61 
and cooler host melts. 62 

63 
(2) “Thus, the provenance of the melt inclusion record must be carefully considered64 
before this archive is related to eruption-specific measures.” …. 65 
Both of these are presented as major findings and I don’t see how this is new compared 66 
to what we already know. E.g. A recent article by Ruth et al. published in Nature 67 
communications shows that magma storage, mobilisation and assembly can be complex 68 
especially when considering the integration of melt inclusions and host mineral 69 
chemistry. While they don’t specifically focus on mush piles in their paper, they definitely 70 
address the difficulties of ‘carefully’ considering the melt inclusion record. This is an 71 
example from an arc setting, however, the overall implications are the same. 72 

73 
We have significantly expanded the introduction section to address the known 74 
fallacies of melt inclusion records (which mostly consider the processes degrading 75 
the melt inclusion record following entrapment). We then make it clear that this 76 
manuscript addresses a more fundamental problem; even without these processes, 77 
melt inclusions in mush-rich systems may not record the pre-eruptive evolution of the 78 
magma batch of interest (Lines 28-66): 79 

80 
“However, it is becoming increasingly apparent that melt inclusions are not a perfect archive 81 
of magmatic processes occurring at depth. The post-entrapment crystallization (PEC) of 82 
olivine on the walls of the melt inclusion during cooling of the host crystal with progressive 83 
fractional crystallization, or upon eruption, changes the major and trace element composition 84 
of the remaining melt5,6. The concentration of elements which are compatible in olivine 85 
decrease (e.g., MgO, Ni), while incompatible elements increase (e.g. Nb, La, Sm, H2O)7. 86 
These changes, combined with a drop in inclusion pressure, favour the formation of a CO2-87 
rich vapour bubble6–8. Unless the CO2 content of the bubble is quantified (e.g., using Raman 88 
spectroscopy), melt inclusion analyses by techniques such as secondary ion mass 89 
spectrometry (SIMS) or Fourier Transform Infra Red spectroscopy (FTIR) will underestimate 90 
the CO2 content at the time of entrapment8–10. Furthermore, global compilations of melt 91 
inclusions demonstrate that the process of decrepitation, where the host olivine ruptures and 92 
releases CO2 due to a large pressure difference between the inclusion and the host melt, 93 
accounts for the significantly lower entrapment pressures recorded by melt inclusions than 94 
independent petrological barometers (e.g., clinopyroxene-liquid)7. 95 

96 
Rapid diffusion rates of H+ in olivine mean that melt inclusion water contents are also 97 
vulnerable to diffusional re-equilibration11. This process may produce anomalously low water 98 
contents if the sample is not quenched rapidly upon cooling (allowing the melt inclusion to 99 
equilibrate with the degassed carrier melt)12,13, or anomalously high water contents due to 100 
entrainment into a water-rich carrier melt, or the mixing of compositionally diverse melts14. 101 
Finally, a recent study at Llaima Volcano combining melt inclusion volatile data with diffusive 102 
modelling of major element zoning in host olivines demonstrated that melt inclusions record 103 
the progressive mixing of melts stored at various levels in the plumbing system for months to 104 
years prior to their eventual eruption15. 105 



 106 
However, in addition to the processes discussed above which alter melt inclusion 107 
geochemistry pre- and post-entrapment, the increasingly prevalent view of magmatic systems 108 
as mush-dominated16 raises more fundamental questions regarding the utility of melt 109 
inclusions. Settled crystals may be stored at a wide range of depths within extensive cumulate 110 
piles within the crust for many millenia16–18. The re-entrainment of these crystals into unrelated 111 
magma batches challenges the common assumption that melt inclusions and matrix glasses 112 
(the solidified ‘carrier’ melt) are related19, such that inclusions provide a record of the pre-113 
eruptive storage and evolution of the erupted melt. Instead, a significant proportion of erupted 114 
crystals may be “antecrysts”; commonly defined as crystals which formed in a separate 115 
magma batch to the one in which they were erupted1,17,20. Here we assess crystal-melt 116 
relationships using olivine-hosted melt inclusions from Kīlauea Volcano, Hawai`i, to assess 117 
the utility of melt inclusion records in a mush-dominated volcanic system.” 118 

 119 
Our model differs substantially from that of Ruth et al. Specifically, they show that 120 
melt inclusions trap recharge and magma mixing over months to years before the 121 
eruption. However, they infer that their melt inclusions were still trapped within 122 
magma batches taking part in this mixing process. In contrast, at Kīlauea, melt 123 
inclusions were trapped centuries before, and stored for prolonged periods in long-124 
lived mush piles, followed by their entrainment by an entirely unrelated carrier liquid. 125 
We address these differences in the following sections: 126 
 127 
Lines 50-53 “A recent study at Llaima Volcano combining melt inclusion volatile data with 128 
diffusive modelling of major element zoning in host olivines demonstrated that melt 129 
inclusions record the progressive mixing of melts stored at various levels in the plumbing 130 
system for months to years prior to their eventual eruption15.” 131 
 132 
Lines 412-431 133 
“The compositional relationships between melt inclusions, host olivines, and co-erupted 134 
carrier liquids at Kīlauea Volcano reveals that primitive crystal cargoes resided in mush piles 135 
for centuries before their eventual eruption in chemically unrelated carrier liquids. The mush 136 
pile likely resides at the base of the South Caldera magma reservoir (~3-5 km 137 
depth). Primitive olivine crystals trap melt inclusions from this reservoir which experiences 138 
cyclic variations in magma chemistry, and settle into extensive mush piles. Melt inclusions 139 
erupted in ~1950-1960 AD exhibit Nb/Y ratios that were last observed in erupted lavas in 140 
~1790 AD; providing evidence that crystals were stored for at least two centuries (and 141 
possibly much longer) before their eruption. Only more evolved olivines, which formed within 142 
the shallower (~ 1km) HMM reservoir are true phenocrysts, providing a record of the 143 
processes the occurred in the days to weeks prior to the eruption of a given magma batch.  144 
 145 
The history of pre-eruptive processes preserved in melt inclusions can be obscured by 146 
accumulation and storage of inclusion-bearing crystals in mushes, followed by crystal 147 
scavenging by new carrier liquids. This decoupling of inclusions and crystals from their carrier 148 
liquids may be commonplace at volcanoes where high melt fluxes create long-lasting magma 149 
reservoirs and associated mush piles. While the processes acting to degrade the melt 150 
inclusion record following entrapment are well recognised, we demonstrate that the common 151 
assumption that melt inclusions record pre-eruptive processes is flawed in mush-rich 152 
systems. However, scavenged melt inclusion records are far from redundant; they provide 153 
novel insights into the storage, and subsequent remobilization, of crystals in magmatic mush 154 
piles.” 155 
 156 
Finally, we emphasize that the slow rates of trace element diffusion in melt inclusions 157 
means that they record crystal residence times that cannot be achieved through the 158 
investigation of Fe-Mg diffusion (as conducted by Ruth et al, and numerous previous 159 
studies at Kīlauea Volcano): 160 



“The relatively high diffusion coefficients of these species means that profiles within 161 
individual crystals only record the final processes happening decades to hours before 162 
their eventual eruption51,52.” 163 
 164 

The former statement about the need to account for CO2 in bubbles and walls is 165 
even more well established in multiple papers (e.g.: Aster et al. 2016, Esposito et al. 166 
2016, Moore et al. 2015). So, I am not sure that with the exception of an interesting 167 
mush pile model for Kīlauea what else is conceptually novel. 168 
 169 

We agree with the reviewers that it is well accepted in the literature that a significant 170 
proportion of CO2 in melt inclusions is found in bubbles and bubble walls. Moore et al. 171 
(2015) and Aster et al. (2016) discuss how the cooling of a phenocryst after melt 172 
inclusion entrapment results in the growth of a bubble due to the differential thermal 173 
expansion of olivine and melt, and as a result of post entrapment crystallization. 174 
Esposito et al. 2016 also demonstrate that some CO2 is held within vapour bubbles.  175 
 176 
However, few studies have investigated the processes accounting for the observation 177 
that some eruptions contain large quantities of CO2 in vapour bubbles, and others 178 
relatively little. Variation in the amount of CO2 in vapour bubbles measured by Raman 179 
has been attributed to the rate of cooling upon eruption (Tucker et al., 2019). However, 180 
due to rapid (and relatively similar) rates of quenching upon eruption at Kīlauea, 181 
Moore et al. (2015) suggest that the CO2 in the bubble is controlled by pre-eruptive 182 
cooling following melt inclusion trapping. However, they do not expand on why this 183 
would lead to different eruptions containing different proportions of CO2 within 184 
vapour bubbles.  185 
 186 
In this study, we use the conceptual model revealed by melt inclusion chemistry to 187 
demonstrate the relationships between mush pile processes, mixing, PEC, and CO2 188 
bubble growth at Kīlauea. Our novel conceptual proposal is that rapid thermal re-189 
equilibration between hot primitive olivine crystals scavenged from the mush pile, 190 
and cooler host melts promotes extensive PEC and CO2 sequestration into a bubble. 191 
In previous studies, the bubble formation process has been linked to steady cooling 192 
during fractional crystallization. (Lines 312-333):  193 
 194 
“The entrainment of hot, primitive antecrysts into cooler, more evolved carrier melts generates 195 
thermal disequilibrium, in addition to the major and trace element disequilibrium discussed 196 
above. The characteristic conductive cooling time (τ) of an olivine with a radius (l)  of  0.5 mm, 197 
and a thermal diffusivity (κ) of 5.6 x 10-7 m2/s 56  is ~ 0.5 seconds (τ = l2/ κ)57. In contrast, the 198 
characteristic diffusional time scale for forsterite contents is ~80 years (τ = l2/ D, where DFo~10-199 
16). Thus, hot primitive antecrysts (and their melt inclusions) reach thermal equilibrium with 200 
cooler, more evolved carrier long before major element equilibrium is achieved. Rapid cooling 201 
drives post-entrapment crystallization on the inclusion wall. The efficiency of this process is 202 
demonstrated by the similarities between MgO contents (which is a proxy for temperature)58 203 
of melt inclusions and co-erupted glasses in eruptions with 𝐹𝑜തതതത > 𝐹𝑜84, despite the strong 204 
disequilibrium that still exists between olivine forsterite contents and matrix glass Mg#s 205 
(Supplementary figure D; Fig. 3a). As the MgO contents of the melt inclusions have rapidly re-206 
equilibrated following entrainment, the degree of olivine-melt disequilibrium (calculated by 207 
subtracting the equilibrium forsterite content for the carrier melt from the measured forsterite 208 
content) is the best proxy for the temperature difference between entrained olivines and host 209 
melts. This parameter strongly correlates with the amount of PEC calculated in petrolog3 (Fig. 210 
4a). The maximum amount of PEC is experienced by the most primitive (and hottest) olivines 211 
which are entrained into the most evolved (and coolest) melts. Our hypothesis that post-212 
entrapment crystallization is a direct result of the rapid, thermal re-equilibration following the 213 



scavenging of primitive olivines into evolved carrier melts19 differs from the common view that 214 
PEC is driven by cooling during progressive fractional crystallization5”.   215 
 216 
One of our key observations is that melt inclusions from eruptions thought to derive 217 
from the upper, Halemau’mau’ reservoir, record CO2 entrapment pressures that 218 
correspond with geophysical estimates. However, melt inclusions from eruptions 219 
thought to tap the deeper, South Caldera reservoir, produce shallower pressures than 220 
estimated from geophysical observations. We emphasize these points in lines 347-221 
364: 222 
 223 
“In fact, 70% of inclusions hosted in olivines with >Fo84 record CO2 concentrations indicating 224 
entrapment at <2 km depth3,59, which is significantly shallower than the geophysical estimates 225 
for the depth of the SC reservoir22,24. Bubble growth driven by PEC means that reliable 226 
barometric estimates can only be gained from analysis protocols accounting for the amount of 227 
CO2 held within the melt inclusion (SIMS or FTIR) and the vapour bubble (e.g. Raman)9. Such 228 
PEC-driven bubble growth is particularly problematic at Kīlauea, where the absence of 229 
clinopyroxene and plagioclase in most erupted lavas preclude the use of other petrological 230 
barometers. 231 
  232 
In contrast, the concentration of CO2  in melt inclusions hosted within evolved crystal cargoes 233 
indicate entrapment pressures between ~8-75 MPa3, with most inclusions clustering between 234 
25-50 MPa3. These pressures encompass geophysical constraints on the depth of the HMM 235 
reservoir (pressures of ~25-50 MPa for storage depths of 1-2km24 and densities of ~2600 236 
kg/m3 42). Thus, melt inclusion CO2 contents in evolved crystal cargoes produce reliable 237 
barometric estimates, even though these inclusions contain bubbles. This implies that these 238 
bubbles only contain a small fraction of the total CO2 budget.  CO2-poor bubbles may form 239 
during post-eruptive cooling, due to differences between the glass transition temperature and 240 
the temperature at which C-diffusion becomes extremely slow (allowing bubble grow, but 241 
hindering the diffusion of CO2 from the melt into the bubble)7,60,61.” 242 
 243 

Minor aspects: 244 
It is unclear to me why new datasets were generated and supplemented with 245 
literature data. At the end most of the key results are largely on the basis of literature 246 
data (e.g. Figure 3b). 247 
 248 

New datasets were generated because previous studies measured a relatively small 249 
number of inclusions per eruption (~10, see table 1). With these relatively small 250 
datasets, comparisons of trace element ratios in melt inclusions and matrix glasses 251 
were ambiguous. Crucially, the study of Sides et al. largely focused on summit 252 
eruptions, so was somewhat biased towards the more evolved crystal cargoes which 253 
are phenocrysts. The ambiguity in the available literature data for extracaldera and rift 254 
zone eruptions was highlighted by Tuohy et al. (2016): 255 
 256 
“ The coarse nature of the olivine suggests the crystals might be cumulate in origin and 257 
therefore be unrelated to the magma in which they eventually erupted (e.g., Welsch et al., 258 
2013) …. It is difficult, however, to know what range of Nb/Y values can distinguish 259 
phenocrysts from antecrysts because Kīlauea Iki erupted mixed magmas (based on the 260 
presence of diverse olivine types; Helz, 1987) that likely formed by mixing of melts with 261 
some compositional variability. Such mixing can explain the compositional heterogeneity of 262 
both matrix glasses and melt inclusions (Fig. 10a; see also Maclennan et al., 2003) but 263 
creates ambiguity in rigorously distinguishing phenocrysts from antecrysts based on melt 264 
inclusion data alone. Sides et al. (2014b) also noted a larger variation in incompatible 265 
element ratios (e.g., La/Yb) for Kīlauea Iki melt inclusions compared to matrix glasses using 266 
a dataset that included many more eruptive episodes. They interpreted the variability in 267 



terms of mixing processes and concluded that most olivine crystals were phenocrysts 268 
because the melt inclusion values bracket the matrix glasses in composition.” 269 
 270 
In our study, not only do we compile all available literature data where more than 8 271 
inclusions are measured per eruption, but also analyse significantly more melt 272 
inclusions per eruption than previous studies (20, 27, 37, and 42, summarized in table 273 
1). This combined dataset, following the subdivision of eruptions into those with 274 
evolved and primitive crystal cargoes, is the first convincing demonstration that melt 275 
inclusions are in trace element disequilibrium with their matrix glasses. Consideration 276 
of the combined dataset (as evaluated by Sides) is far more convoluted, as the olivine 277 
crystal cargoes have vastly different histories. Lastly, we specifically target a time 278 
period with relatively few melt inclusion records in the literature (1969-1974). When 279 
this is combined  with the abundant literature data for Kīlauea Iki and Kapoho 280 
eruptions (1959-1960), the broad range of matrix glass compositions means that 281 
deviations between melt inclusions and glasses are more apparent.    282 
 283 
We summarize the contribution of our new data in lines 119-135 and Table 1: 284 
 285 
“To investigate the degree of equilibrium between erupted melts and their crystal cargoes, we 286 
analysed melt inclusions and matrix glasses (for analytical details see Methods) from tephra 287 
erupted during four eruptions temporally associated with activity at Mauna Ulu on the upper 288 
East Rift Zone (ERZ) of Kīlauea (Fig. 1): 289 
 1) The highest fountaining phase of the Mauna Ulu eruption (December, 1969; ERZ) 290 
 2) The intra-caldera fissure eruption of August, 1971 291 
3) The Pauahi Crater eruption (November, 1973; ERZ)  292 
 4) The December 1974 fissure eruption on the Seismic South West Rift Zone (SSWRZ24; Fig. 293 
1a-b).  294 
 295 
The five-year period over which our samples were erupted includes some of the most rapid 296 
historic changes in melt composition at Kīlauea (Fig. 2a). We supplement our dataset of 126 297 
melt inclusions and 40 matrix glass chips with literature studies where trace elements were 298 
reported in ≥8 inclusions, and co-erupted matrix glasses (Table 1). The combined dataset of 299 
27 eruptive episodes, and 384 melt inclusions spans ~600 years of eruptive history at Kīlauea 300 
and incorporates large variations in matrix glass (Fig. 2b-c) and whole rock compositions (Fig. 301 
2a)35. “ 302 
 303 
….At the end most of the key results are largely on the basis of literature data (e.g. Figure 304 
3b). 305 
 306 
While the figure regarding CO2 contents relies on the data collected by Sides et al., 307 
the trends we describe rely on the subdivision of eruptions into primitive and evolved 308 
crystal cargoes that we have developed in this study. This classification scheme 309 
relied on the extensive compilation of olivine forsterite data conducted in this study, 310 
and the conceptual model we develop of olivine-host relationships.  311 
 312 
I am also wondering about what the reference millenia-style storage is based on (fig. 2 and 313 
text references). The vast majority of the variations in Nb/Y is accommodated in the last 314 
<100 years (Fig 2a). So, the entire dynamics could still be reflecting that timeframe not 315 
requiring a long millennia scale mush (while I personally could see it existed, the data is not 316 
showing that). 317 
 318 
We thank the reviewer for pointing out the lack of clarity in this section. Although 319 
~43% of the Nb/Y variation observed in the Dec 1969 melt inclusion population has 320 
been observed in whole-rock compositions between 1934 and 1982 (the downgoing 321 
limb on figure 2a), melt inclusion populations must have been trapped before the 322 



eruption date. Thus the presence of Nb/Y ratios as low as 0.37 within melt inclusions 323 
from the 1959 eruption (and similarly low for 1969-1974) indicates that melts were 324 
trapped before Nb/Y ratios started increasing at ~1800 AD (requiring storage for >170 325 
years).  The large number of melt inclusions with Nb/Y higher than the maximum 326 
observed in whole-rock compositions may imply that storage times significantly 327 
exceed a few centuries (extending back to the last time that such enriched melts were 328 
available within the plumbing system). We have clarified these arguments in the text 329 
in the new section of the discussion entitled “Centurial storage times within mush 330 
piles”, Lines 268-279, and by marking on the 1959 eruption on Fig. 2”. 331 
 332 
“An estimate of the minimum residence times of primitive olivine crystals in mush piles can be 333 
obtained by comparing the range of trace element ratios in melt inclusions to erupted lava 334 
compositions. Bulk-rock and glass analyses from the 1959 Kīlauea Iki eruption lie close to 335 
upper limit of Nb/Y ratios observed since ~1790 (Fig. 2a). Yet, the vast majority of co-erupted 336 
melt inclusions have significantly lower Nb/Y ratios (Fig. 2c), down to ~0.4. Melts with these 337 
compositions were only present in Kīlauea’s plumbing system before ~1790 AD (Fig. 2a), 338 
suggesting that these erupted crystals were stored for at least 170 years. It is highly possible 339 
that crystals were stored for considerably longer timescales; the range of Nb/Y ratios in melt 340 
inclusion records from the three rift eruptions investigated in this study greatly exceed the 341 
range of bulk rock compositions between 1790-1982. In fact, the 1969 eruption displays trace 342 
element diversity surpassing the range of erupted lava compositions over a 350 kyr period 343 
(Fig. 2c).” 344 
 345 
If you think the changes in CO2 are related to post-entrapment crystallisation and that Nb/Y 346 
is not affected by it, while incompatible element concentrations are getting enriched, it would 347 
be interesting to see this relationship between Nb and PEC or Y and PEC. 348 
 349 
We have added figures into the supplementary information (Fig. E and F) showing that 350 
there is no statistically significant correlation between the amount of PEC or MgO, 351 
and the Nb and Y concentrations, or the Nb/Y ratio (pasted below) 352 
 353 



 354 
 355 
How important is the high Nb/Y glass matrix sample to account for the excellent R2 in figure 356 
2b. While that relationship is still there without this subset of data, it seems to be heavily 357 
weighted towards it. 358 
 359 
The high Nb/Y sample is from 1961 – While this sample definitely contributes to the 360 
excellent R2 and p values shown in the main text, removal of this sample still 361 
produces a very strong correlation. We mention this in the figure caption (Lines 481-362 
483): 363 
 364 
“While the 1961 summit eruption (Nb/YGlass ~0.89) certainly strengthens the observed 365 
correlation in b), the regression is still very good if this eruption is excluded (R2=0.84, p=10-366 
4).” 367 



 368 
 369 
How much do you have to worry about diffusion effects on Nb and Y in the melt inclusions 370 
through diffusion in the olivine? While Cottrell et al (2002) suggested that incompatible 371 
elements should be safe, they also stated: “Examination of published trace element 372 
concentrations of olivine hosted inclusions show little evidence for reequilibration, at least for 373 
the light REE and other highly incompatible elements. It is difficult, however, to provide firm 374 
constraints due to the uncertainties in olivine diffusivities and the initial condition.” 375 
Diffusivities of trace elements in olivine has been a major debate in the last few years 376 
starting with Spandler and O’Neill (2010). If diffusivities in olivine are much greater than 377 
initially thought (especially for high Si activity systems) then fidelity of the trace element 378 
record in the melt inclusions may also be compromised, especially for millennia-old mush 379 
pile melt inclusions. 380 
 381 
We have added a discussion about trace element diffusion in the section “ centurial 382 
storage times within mush piles”. More recent papers such as Cherniak (2010) show 383 
that diffusivities of REE are 3 orders of magnitude slower than those suggested by 384 
Spandler et al. 2007. Furthermore, it has recently been shown using spinel diffusion 385 
profiles that olivines erupted in the Icelandic Borgarhaun flow are stored for a mean 386 
time of ~1400 years (Mutch et al., 2019; Science). Yet, these melt inclusions display 387 
considerable trace element heterogeneity that correlates strongly with forsterite. Such 388 
relationships would be erased by trace element re-equilibration. Finally, our dataset 389 
shows similar correlations between highly incompatible trace elements (variability 390 
produced by varying melt extents in the mantle) for glasses and melt inclusions. 391 
Diffusive re-equilibration of these elements within melt inclusions would destroy 392 
these correlations (Lines 292-310).  393 
 394 
“A related question is whether trace elements within olivine-hosted melt inclusions undergo 395 
diffusive equilibration with their surrounding melts during centurial storage. While early 396 
estimates of diffusion rates for rare earth elements suggest that diffusive re-equilibration may 397 
occur over tens to hundreds of years54, more recent studies calculate diffusivities that are ~3 398 
orders of magnitude lower (requiring 104 – 106 years for 50% re-equilibration of Ce and Yb in 399 
a 50 µm melt inclusion within a ~1 mm olivine)55. Evidence for the lack of trace element re-400 
equilibration in our dataset is provided by the similarity of regression lines for incompatible 401 
elements defined by matrix glasses and melt inclusions (e.g. Nb vs. La; Supplementary Fig 402 
C). These strong correlations are likely produced by different extents of mantle melting33. If 403 
trace element re-equilibration was occurring within melt inclusion populations during 404 
prolonged mush pile storage, different extents of re-equilibration for different trace elements 405 
(and different inclusion and host olivine sizes) would result in melt inclusions defining more 406 
scattered correlations with different regression lines compared with matrix glasses. While 407 
there are no available experimental estimates for the diffusivities of Nb and Y in olivine, the 408 



similar correlations defined by melt inclusions and matrix glasses for Nb vs. La 409 
(Supplementary Fig. C) and Y and Yb (Supplementary Fig. C) suggests that these elements 410 
are also resistant to diffusive re-equilibration during centurial storage. Thus, comparisons of 411 
melt inclusion diversity to erupted melt compositions provides the most reliable estimate of 412 
storage timescales in long-lived mush-dominated systems. “ 413 
 414 
 415 
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Reviewer 2 439 
 440 
This paper presents and interesting and novel study of the relationship between melt 441 
inclusion bearing crystals and their carrier melts at Kīlauea volcano. It provides important 442 
context for studies using melt inclusions (from Hawaii and elsewhere) and shows in a simple 443 
but convincing way that the inclusions in the more primitive crystals are probably the least 444 
faithful recorders of pre-eruptive conditions. This is contrary to what is generally assumed. It 445 
is well written and the data looks to be of high quality. I have no major concerns that would 446 
be a barrier to publication. The data presented certainly supports the conclusions.  447 
 448 
We thank the reviewer for their support of our work, particularly regarding the 449 
implications of this study for the interpretation of melt inclusions worldwide. We have 450 
emphasized the point from the reviewer that primitive melt inclusions provide the 451 
most unreliable record in the conclusion (Lines 408-410): 452 
 453 
“Overall, these findings challenge the common assumption that the most primitive crystals 454 
provide the most pristine record of pre-eruptive processing.” 455 
 456 
Prior to publication, however, they may want to consider adding some additional discussion 457 
on some of the unexplored aspects of their data/model. For example, why do the higher Fo 458 
olivines trap (on-average) more enriched melts than the lower Fo crystals?  459 
 460 



We believe that the fact that the more evolved olivines tend to host melt inclusions 461 
with lower Nb/Y ratios is a result of their eruption date, rather than any magmatic 462 
process. The vast majority of the rift eruptions investigated in this study occur while 463 
glass Nb/Y ratios were high (Fig. 2a), and their melt inclusions trap the range of Nb/Y 464 
ratios present in the plumbing system over several centuries. In contrast, with the 465 
exception of the 1961 summit eruption, the intracaldera summit eruptions occurred 466 
when melt Nb/Y ratios were low, so these phenocrystic crystal cargoes also have low 467 
Nb/Y ratios.  We have not addressed this point in the main text, as we do not feel it 468 
provides any insight into Kīlauea’s plumbing system.   469 
 470 
Is the implication that all MIs that have compositions that differ from the carrier melt are 471 
antecrysts? Or do they see a role for some of the MIs in recording the melt mixing process?  472 
 473 
We agree that the mixing will create some trace element variability in melt inclusions 474 
records. A minimum estimate of the variability generated by magma mixing is 475 
provided by the range of trace element ratios in melt inclusions from the 1971 summit 476 
eruption (Fig. 2b; range of Nb/Y~0.14). The range of Nb/Y ratios in the 1969 eruption is 477 
~0.57, thus mixing may contribute ~25% of the observed variation.  478 
 479 
We have discussed this in the text in lines 258-266: 480 
 481 
“An approximate estimate of the contribution to the diversity of melt inclusions from reservoir 482 
heterogeneity and magma mixing can be obtained from the range of trace element ratios in 483 
melt inclusions from the 1971 summit eruption (Fig. 2b; Nb/Y=0.6-0.74). This accounts for 484 
only 25% of the variation in Nb/Y ratios observed in the 1969 eruption (Fig. 2c; Nb/Y=0.37-485 
0.94). Thus, indistinguishable melt inclusion populations with a broad range of melt inclusion 486 
trace element ratios in many different primitive eruptions, combined with the lack of 487 
relationship with forsterite contents, supports a model in which carrier melts randomly 488 
scavenge olivine antecrysts from mush piles containing highly diverse melt inclusion 489 
populations just prior to eruption2” 490 
 491 
While the mean of the lower Fo MIs matches that of the carrier melt, the range of values 492 
from several of the eruptions covers most of the 350 kyr range in Nb/Y. What do these 493 
outlier values represent?  494 
 495 
The main outlier on Fig. 2 b (glass Nb/Y>0.8) represents data from Sides et al. for the 496 
1961 summit eruption. Detailed examination of Nb/Y systematics Vs. Fo reveal that 497 
three inclusions have significantly lower ratios than co-erupted matrix glasses. As we 498 
do not possess these samples for further examination, it is difficult to know the origin 499 
of these outliers in literature data.  500 
 501 
 502 
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 504 

Reviewer 3  505 
 506 
Key Results/Manuscript Summary: 507 
The manuscript titled, “Crystal scavenging from mush piles recorded by melt inclusions,” 508 
provides an evaluation of new and literature-derived in-situ geochemical analysis of glasses, 509 
melt inclusions, and olivines from the tephra and lava of historic eruptions from Kīlauea 510 
Volcano in Hawaii. The data analysis of magmas from numerous eruptions identifies two 511 
main olivine populations: a lower Fo olivine population which hosts melt inclusions derived 512 
from a relatively shallow, magmatic reservoir with melt inclusions related to the matrix 513 
glasses and a higher Fo populations (more primitive) that hosts compositional 514 
heterogeneous melt inclusions populations, which are likely stored in deeper reservoirs 515 
(despite barometric estimates from CO2/H2O, which the authors suggest are 516 
underestimated because of post-entrapment processes), that are not in equilibrium with their 517 
host glasses. These results are used to hypothesize a model for a storage and ascent of 518 
Hawaiian magmas that involves scavenging of crystal cargo from more deeply stored 519 
reservoirs with heterogeneous melt inclusion populations. The manuscript warns that the 520 
presence of ‘antecrysts’ is a complexity that is imperative to identify in any studies utilizing 521 
melt inclusions. 522 
 523 
General Comments: 524 
 525 
While this manuscript provides an interesting case study and uniquely combines a variety of 526 
recently established hypotheses in the field of melt inclusion geochemistry, I do not feel that 527 
the manuscript adheres to the four main criteria for publication in a Nature Research journal. 528 
The manuscript is well-written and the data and analysis provide strong support for the 529 
presented conclusions, but it does not strike me to be “of extreme importance to scientists” 530 
in my field likely not “interesting to researchers in other related disciplines.” This is actually 531 
highlighted by the manuscript itself which relies heavily on previous interpretations to provide 532 
a framework for their study. For example, evidence for 2 separate storage reservoirs at 533 
Kīlauea was first suggested based on Pb isotope distinctions (ref 15), and forsterite 534 
composition peaks previously attributed to crystal mush pile processes in Iceland (ref 21). 535 
Additionally, the final conclusion is that “extreme care is needed to correctly interpret melt 536 
inclusions” is not new – it is well-established through studies of major element variability 537 
(Newcomb et al., 2014), hydrogen diffusive loss (Bucholz et al., 2013; Lloyd et al., 2013), 538 
and the CO2 loss to vapor bubbles (e.g., Moore et al., 2015 and other refs presented in this 539 
manuscript).  540 

N
b
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We have refocused the manuscript to address these novelty concerns. Firstly, we 541 
have added significant detail into the discussion regarding the known fallacies of the 542 
melt inclusion record (Lines 28-66): 543 
 544 
“However, it is becoming increasingly apparent that melt inclusions are not a perfect archive 545 
of magmatic processes occurring at depth. The post-entrapment crystallization (PEC) of 546 
olivine on the walls of the melt inclusion during cooling of the host crystal with progressive 547 
fractional crystallization, or upon eruption, changes the major and trace element composition 548 
of the remaining melt5,6. The concentration of elements which are compatible in olivine 549 
decrease (e.g., MgO, Ni), while incompatible elements increase (e.g. Nb, La, Sm, H2O)7. 550 
These changes, combined with a drop in inclusion pressure, favour the formation of a CO2-551 
rich vapour bubble6–8. Unless the CO2 content of the bubble is quantified (e.g., using Raman 552 
spectroscopy), melt inclusion analyses by techniques such as secondary ion mass 553 
spectrometry (SIMS) or Fourier Transform Infra Red spectroscopy (FTIR) will underestimate 554 
the CO2 content at the time of entrapment8–10. Furthermore, global compilations of melt 555 
inclusions demonstrate that the process of decrepitation, where the host olivine ruptures and 556 
releases CO2 due to a large pressure difference between the inclusion and the host melt, 557 
accounts for the significantly lower entrapment pressures recorded by melt inclusions than 558 
independent petrological barometers (e.g., clinopyroxene-liquid)7.  559 
 560 
Rapid diffusion rates of H+ in olivine mean that melt inclusion water contents are also 561 
vulnerable to diffusional re-equilibration11. This process may produce anomalously low water 562 
contents if the sample is not quenched rapidly upon cooling (allowing the melt inclusion to 563 
equilibrate with the degassed carrier melt)12,13, or anomalously high water contents due to 564 
entrainment into a water-rich carrier melt, or the mixing of compositionally diverse melts14. 565 
Finally, a recent study at Llaima Volcano combining melt inclusion volatile data with diffusive 566 
modelling of major element zoning in host olivines demonstrated that melt inclusions record 567 
the progressive mixing of melts stored at various levels in the plumbing system for months to 568 
years prior to their eventual eruption15.  569 
 570 
However, in addition to the processes discussed above which alter melt inclusion 571 
geochemistry pre- and post-entrapment, the increasingly prevalent view of magmatic systems 572 
as mush-dominated16 raises more fundamental questions regarding the utility of melt 573 
inclusions. Settled crystals may be stored at a wide range of depths within extensive cumulate 574 
piles within the crust for many millenia16–18. The re-entrainment of these crystals into unrelated 575 
magma batches challenges the common assumption that melt inclusions and matrix glasses 576 
(the solidified ‘carrier’ melt) are related19, such that inclusions provide a record of the pre-577 
eruptive storage and evolution of the erupted melt. Instead, a significant proportion of erupted 578 
crystals may be “antecrysts”; commonly defined as crystals which formed in a separate 579 
magma batch to the one in which they were erupted1,17,20. Here we assess crystal-melt 580 
relationships using olivine-hosted melt inclusions from Kīlauea Volcano, Hawai`i, to assess 581 
the utility of melt inclusion records in a mush-dominated volcanic system “ 582 
 583 
We then emphasize that our findings that melt inclusions hosted in primitive olivines 584 
are genetically unrelated to the carrier melts is a more fundamental issue with melt 585 
inclusion records. Even if secondary processes such as H diffusion, PEC, and bubble 586 
growth occur, these melt inclusions still would not inform us about the pre-eruptive 587 
storage of their parental melt (lines 427-431).  588 
 589 
 “While the processes acting to degrade the melt inclusion record following entrapment are 590 
well recognised, we demonstrate that the common assumption that melt inclusions record 591 
pre-eruptive processes is flawed in mush-rich systems. However, scavenged melt inclusion 592 
records are far from redundant; they provide novel insights into the storage, and subsequent 593 
remobilization, of crystals in magmatic mush piles.”   594 
 595 



Our study is the first to assess melt inclusion records in mush-rich systems – our 596 
findings have implications for a wide variety of high melt flux systems that are likely 597 
characterized by extensive cumulate piles (Lines 423-427): 598 
 599 
“The history of pre-eruptive processes preserved in melt inclusions can be obscured 600 
by accumulation and storage of inclusion-bearing crystals in mushes, followed by 601 
crystal scavenging by new carrier liquids. This decoupling of inclusions and crystals 602 
from their carrier liquids may be commonplace at volcanoes where high melt fluxes 603 
create long-lasting magma reservoirs and associated mush piles” 604 
 605 
We also emphasize in the revised manuscript that the centurial storage times we 606 
estimate from trace element diversity in melt inclusions are unprecedented at Kīlauea 607 
(and many other volcanoes), as most studies focus on the diffusion of Fe-Mg (Lines 608 
280-284): 609 
 610 
“Our study is the first to recognise centurial storage timescales of crystal mushes at 611 
Kīlauea. Most previous estimates of timescales are based on the interdiffusion of Fe 612 
and Mg within olivine51,52. The relatively high diffusion coefficients of these species 613 
means that profiles within individual crystals only record the final processes 614 
happening decades to hours before their eventual eruption51,52.”  615 
 616 
However, the figures and the data presented are of excellent quality. The figures, 617 
specifically, present the data with appropriate error bars/statistical significance for individual 618 
data points and models, and importantly provide and amazingly large amount of 619 
data/hypothesizes in a clean, organized, well-labeled, concise, and attractive way. The 620 
figures are seemingly dense prior to reading the text, but they are actually very well-621 
supported by the textual information.  622 
 623 
We thank the reviewer for their support of our data presentation.  624 
 625 
Overall, I feel that further work might justify a resubmission although specific concerns must 626 
be addressed before a final decision is reached. 627 
 628 
We hope that the reviewer finds the new focus of the manuscript on the novelty of 629 
determining crystal residence times from melt inclusions, and the wider implications 630 
of our study for the interpretation of melt inclusion records in mush-rich systems 631 
acceptable.  632 
 633 
Firstly, there needs to be some systematic way to reference different eruptions, eruption 634 
locations, and eruptions periods, etc. Because such a large amount of literature data and 635 
new data, and because the HI eruptions have their own place-based jargon, it is often 636 
difficult to recall which sample/eruption the author is referring to throughout the text. 637 
Additionally, the author refers to some of the same samples in different ways, referring to 638 
dates, locations, rifts, summits, extra caldera, etc. This is problematic for a short-format 639 
journal article meant for a broader audience. Perhaps referring to them separately isn’t 640 
actually necessary, and the authors can figure out a way to bin and label into 1-3 groupings 641 
and stick with a chosen definition or name for the remainder of the manuscript? 642 
 643 
We thank the reviewer for pointing out that the eruption-specific detail was difficult to 644 
follow. We have now added a table into the text, which allows readers to identify the 645 
eruption by year (important information for people who work on Kīlauea specifically), 646 
the location (intracaldera, extracaldera, rift zone) and the classification based on 647 
forsterite content. 648 
 649 



 650 

 651 
 652 
I also feel that the CO2 story needs to be bolstered by calculated estimates of initial CO2. 653 
There have been numerous studies that investigate the loss of CO2 vapor bubbles, and the 654 
argument presented in this short manuscript concludes that they are unable to provide 655 
reliable barometric estimates despite a very shallow/brief comparison of the two olivine 656 
populations. I suggest the authors at least provide calculated estimates, because the CO2-657 
related portion of the study is one of the more novel and seemingly important in this 658 
manuscript.  659 
 660 
We acknowledge that there are several studies in the literature that estimate initial 661 
CO2 contents from measured bubble sizes and the CO2 equation of state (e.g., Tucker 662 
et al. 2019). However, our own Raman measurements on bubbles from multiple 663 
different Kīlauean eruptions (in prep) reveal that a large proportion of vapour bubbles 664 
contain quantities of CO2 below detection limit (particularly in olivines which have 665 
experienced limited PEC). This is likely driven by the continued expansion of the 666 
vapour bubble above the glass transition temperature, but temperature-limited 667 
diffusion of CO2 into the growing vapour bubble (Anderson and Brown, 1993; Wallace 668 
et al. 2015; Maclennan, 2017). Thus, the observed size of bubbles in melt inclusions 669 
which have undergone extensive PEC reflects a combination of expansion upon 670 
eruption, and bubble formation during crystal scavenging. Without measuring the 671 
CO2 content of these melt inclusions by Raman (impossible in literature data; even if 672 
the samples were obtained, the bubbles have already been polished through), it is not 673 
possible to estimate the total CO2 content.  We address these points in lines 359-364: 674 
 675 
“Thus, melt inclusion CO2 contents in evolved crystal cargoes produce reliable barometric 676 
estimates, even though these inclusions contain bubbles. This implies that these bubbles 677 
only contain a small fraction of the total CO2 budget.  CO2-poor bubbles may form during 678 
post-eruptive cooling, due to differences between the glass transition temperature and the 679 
temperature at which C-diffusion becomes extremely slow (allowing bubble grow, but 680 
hindering the diffusion of CO2 from the melt into the bubble)7,60,61”. 681 
 682 



There is also no mention of H2O contents and H diffusive loss, which should provide 683 
additional support for the conclusions. 684 
 685 
We have added a section on H+ loss into the introduction (Lines 45-49): 686 
 687 
“Rapid diffusion rates of H+ in olivine mean that melt inclusion water contents are 688 
also vulnerable to diffusional re-equilibration11. This process may produce 689 
anomalously low water contents if the sample is not quenched rapidly upon cooling 690 
(allowing the melt inclusion to equilibrate with the degassed carrier melt)12,13, or 691 
anomalously high water contents due to entrainment into a water-rich carrier melt, or 692 
the mixing of compositionally diverse melts14.” 693 
 694 
It is hard to assess the reliability of the H+ record in literature data as we do not have 695 
access to information required for quantitative modelling such as crystal size, and 696 
distance of the inclusion from the edge of the crystal. it is plausible that H+ is reset 697 
during transport to match that of the carrier melt. However, this is hard to deconvolve 698 
from loss of H+ upon eruption, as the literature samples were variably quenched 699 
(some are spatter, some reticulite, some small lava flows).  700 
 701 
Line Edits:  702 
 703 
Line 41: “ascend beneath the summit region” is vague. Be specific about present estimate of 704 
storage from existing geochemical geophysical observations; perhaps give context of crustal 705 
thickness/MOHO depths. 706 
 707 
We have added more detail into this section (Lines 71-80):  708 
 709 
“Primitive basaltic magmas supplied from the Hawaiian hotspot at > 100 km depth21 710 
ascend through the lithosphere into two main crustal storage reservoirs situated 711 
beneath the summit of Kīlauea22–24. Geophysical observations indicate that the 712 
deeper, South Caldera (SC) reservoir is located at ~2-6 km depth22,25, while the 713 
shallower Halemaʻumaʻu (HMM) reservoir is located at ~1 km depth24. The presence 714 
of two distinct mixing trends in Pb isotope ratios of lavas erupted since the 1970s 715 
corroborates geophysical evidence that magma is stored in two main reservoirs26,27. 716 
A combination of geophysical and geochemical observations suggests that the SC 717 
reservoir supplies magma to extra-caldera and rift zone eruptions26,27, while the 718 
HMM reservoir supplies intra-caldera summit eruptions and summit lava lakes22,25.” 719 
 720 
Line 42: “Change rapidly with time” is vague. Be specific about “time” – days to weeks? 721 
Weeks to months? Months to years? 722 
 723 
We have clarified this sentence by adding specific examples of the geochemical 724 
variations (Lines 95-100): 725 
 726 
“Ratios of elements with similar incompatibility during crystal fractionation (e.g. Nb/Y, La/Yb) 727 
and isotopic ratios (e.g. 206Pb/204Pb, 87Sr/86Sr) show pronounced changes over decadal to 728 
centurial timescales, resulting from heterogeneity in the mantle source32, conditions of 729 
melting33, and incomplete melt mixing during magma ascent and storage34,26,27. For example, 730 
Nb/Y increases from ~0.4 to 0.7 between ~1800 AD and 1930 AD, before falling again to 731 
~0.49 in 198235. Concurrently, 206Pb/204Pb rises from ~18.40 to ~18.65 and back to 732 
~18.4026.” 733 
  734 
Line 45: “prominent cyclicity with a duration of 200 years” is vague. What kind of cyclicity? 735 



Max to max Nb/Y in 200 years? Or min to max in 200 years? Generally increasing Nb/Y or 736 
generally descreasing?  737 
 738 
As above, we have clarified this section regarding geochemical cyclicity by giving 739 
specific examples of the variations shown for Nb/Y and Pb/Pb isotopes (Lines 98-100): 740 
 741 
“For example, Nb/Y increases from ~0.4 to 0.7 between ~1800 AD and 1930 AD, before 742 
falling again to ~0.49 in 198235. Concurrently, 206Pb/204Pb rises from ~18.40 to ~18.65 and 743 
back to ~18.4026.” 744 
 745 
Line 83-86: After each eruption, specify within the parentheses consistently whether or not 746 
the data is from the literature. Because the “extracaldera eruption of July 1974” specifically is 747 
referred to as literature data, it seems as though all other data is not from the literature, 748 
although it must be. 749 
 750 
We thank the reviewer for pointing out the ambiguity in this sentence, we have which 751 
eruptions we analyse, and which are from the literature (Lines 145-154): 752 
 753 
“Primitive crystal cargoes were observed in the three rift eruptions analysed in this 754 
study (1969, 1973, 1974; red, blue and black diamonds in Fig. 3a), and in 14 eruptive 755 
episodes from the literature (1832 and July 1974 eruption, 9 episodes of the 1959 756 
Kīlauea Iki eruption, and 3 episodes of the 1960 Kapoho eruption; magenta diamonds 757 
in Fig. 3a)3,19. Evolved olivine compositions are observed in the intra-caldera eruption 758 
of 1971 (this study; green triangles in Fig. 3a), and 9 eruptive episodes from the 759 
literature (1500, 1885, 1961, and 1982 eruptions, 3 episodes of the 2008 summit 760 
eruption, and 2 episodes of the 2010 summit eruptions; cyan triangles in Fig. 3a)3. 761 
Primitive crystal cargoes are significantly out of major element equilibrium with their 762 
matrix glasses, while evolved crystal cargoes lie close to the equilibrium composition 763 
(Fig. 3a).” 764 
 765 
We have also added a table (Table 1) to address reviewer comments that it is hard to 766 
follow the different references to eruptions (date, location, and study they were 767 
analysed in). We hope this will allow readers who are not familiar with Kīlauea to 768 
follow the various classification schemes used (e.g. mean forsterite content, location, 769 
etc.) 770 



 771 
 772 
Line 139: What timescale is suggested by ‘prolonged’ here? Can refer to timescales 773 
calculated by ref 21 for context/clarity. 774 
 775 
We have added a discussion into the text of the ambiguity of timescales from 776 
forsterite diffusion in mush piles within an open system (Kīlauea) compared to closed 777 
system fractionation in a sill (used by Thomson and Maclennan in Iceland) in Lines 778 
200-208:  779 
 780 
“Assessing storage timescales from peaked forsterite distributions requires knowledge of the 781 
initial distribution, and the mush pile height. Thomson and Maclennan38 explored this 782 
parameter space for Icelandic lavas assuming that a sill of variable thickness underwent 783 
progressive fractional crystallization in a closed system. However, the SC reservoir is an open 784 
system, with primitive melts entering at the base, and variably evolved melts leaving the 785 
reservoir to be erupted, or stored within the rift zones42. Repeated injection of more primitive 786 
melts likely produces cyclic variations in forsterite content with height. Clearly, an alternative 787 
approach is required to assess the residence times of primitive olivine crystals in open (and 788 
therefore highly unconstrained) systems such as Kīlauea.“ 789 
 790 
 791 
Line 155: Start the sentence with “The” rather than just the trace element acronyms. 792 
 793 
Amended 794 
 795 
Line 159: Here, refer to the “shallow HMM” reservoir for consistency/clarity. Check use of 796 
shallow vs. deep and SC vs. HMM throughout. Why create an acronym for the reservoirs if 797 
you don’t use them all the time?  798 
 799 
We have amended the use of these acronyms for consistency.  800 
 801 
 802 
Line 160: Are these the rift eruptions analyzed by this study? Or the literature? Please clarify 803 
– a first read-through of this is confusing for someone without a background in HI eruptions. 804 



 805 
We have amended this sentence to clarify that these rift eruptions were analysed in 806 
this study (Lines 227-228): 807 
 808 
“In contrast, melt inclusions from the three rift eruptions investigated in this study (1969, 809 
1973, 1974) ..” 810 
  811 
Line 163: Which 17? Confusing reference and probably unnecessary. Just say 2 of the MI 812 
populations… 813 
 814 
We feel it is important to emphasize that we have investigated 17 different eruptions, 815 
and only 2 of these 17 show statistically significant differences. We have added a 816 
reference to Table 1 to clarify which eruptions we are discussing (230-231): 817 
 818 
“In fact, of the 17 eruptions with primitive crystal cargoes (Table 1), only two of the melt 819 
inclusion populations have distinguishable means at α=0.05.” 820 
 821 
Line 188: Why do the different reservoirs have to be relatively homogeneous, as mentioned 822 
in parentheses? Please explain further. 823 
 824 
We have clarified these reasons in the preceding paragraph, and in this paragraph:  825 
Lines 243-245: 826 
 827 
“In contrast, Kīlauean melt inclusions exhibit no obvious correlation between trace element 828 
diversity and olivine forsterite contents (Supplementary Fig. B). Additionally, the presence of 829 
remarkably coherent temporal variations in lava geochemistry at widely-spaced eruption 830 
sites at Kīlauea suggests that erupted lava compositions represent the composition of a well-831 
mixed reservoir27,41” 832 
 833 
Lines 254-258: 834 
 835 
“Regardless of the exact mechanism producing the relatively homogenous reservoir 836 
compositions, the apparent absence of diverse melt compositions within the plumbing 837 
system based on erupted lava compositions implies that diverse melt inclusion populations 838 
were acquired from many different, well-mixed reservoir compositions present in the 839 
plumbing system over prolonged periods..” 840 
 841 
 842 
Line 201 & 209: Avoid starting a sentence with an acronym. 843 
 844 
We have rephrased these sentences. 845 
 846 
Line 217: Although lines 216-217 explain that CO2 needs to be physically measured in the 847 
vapor bubble, the authors can still make some estimates of initial CO2 without this 848 
measurement. Specifically, relevant papers by Wallace et al., 2015 and Rasmussen et al., 849 
utilize thermodynamic methodology, which only requires data that the authors have 850 
available. Although there are some discrepancies between measured and modeled 851 
corrected CO2 values (e.g., Aster et al., 2016), the authors should be able to demonstrate 852 
differences in corrected CO2 concentrations between melt inclusions in the two olivine 853 
populations, especially considering the difference in delta T and timescales of storage.  854 
 855 
As discussed in lines 661-681 of this rebuttal document, we are reluctant to estimate 856 
CO2 using the equation of state methods. Our reluctance stems from our 857 
observations in relatively evolved Kīlauean eruptions that many vapour bubbles have 858 
CO2 contents below the detection limit of Raman Spectroscopy. We emphasize issues 859 



with measured bubble volumes (which may continue to grow after CO2 diffusion 860 
halts) in lines 359-364: 861 
 862 
“Thus, melt inclusion CO2 contents in evolved crystal cargoes produce reliable barometric 863 
estimates, even though these inclusions contain bubbles. This implies that these bubbles 864 
only contain a small fraction of the total CO2 budget.  CO2-poor bubbles may form during 865 
post-eruptive cooling, due to differences between the glass transition temperature and the 866 
temperature at which C-diffusion becomes extremely slow (allowing bubble growth, but 867 
hindering the diffusion of CO2 from the melt into the bubble)7,60,61. 868 
 869 
In addition, how do entrapment depths calculated for <Fo84 olivines compare with 870 
geophysical observations of the HMM reservoir? Do they agree? 871 
 872 
We have emphasized in the text that these pressures overlap in lines 355-360: 873 
 874 
“In contrast, the concentration of CO2  in melt inclusions hosted within evolved crystal 875 
cargoes indicate entrapment pressures between ~8-75 MPa3, with most inclusions clustering 876 
between 25-50 MPa3. These pressures encompass geophysical constraints on the depth of 877 
the HMM reservoir (pressures of ~25-50 MPa for storage depths of 1-2km24 and densities of 878 
~2600 kg/m3 42). Thus, melt inclusion CO2 contents in evolved crystal cargoes produce 879 
reliable barometric estimates, even though these inclusions contain bubbles” 880 
 881 
 Do the melt inclusions in <Fo84 olivines also contain vapor bubbles? Are the vapor bubbles 882 
different sizes in the different melt inclusion populations?  883 
 884 
We observe vapour bubbles in the melt inclusions from the 1971 summit eruption, 885 
and there are no obvious differences in bubble sizes between these samples and the 886 
rift eruptions. However, we do not have CO2 data for these samples. As discussed in 887 
Tucker et al. 2019, it is very difficult to determine the true size (or occurrence) of 888 
vapour bubbles in samples which have already been ground down (as is the case for 889 
the small number of samples remaining in Cambridge from the Sides et al. study). We 890 
have addressed this in the text in lines 360-364: 891 
 892 
“This implies that these bubbles only contain a small fraction of the total CO2 budget.  CO2-893 
poor bubbles may form during post-eruptive cooling, due to differences between the glass 894 
transition temperature and the temperature at which C-diffusion becomes extremely slow 895 
(allowing bubble grow, but hindering the diffusion of CO2 from the melt into the bubble)7,60,61.” 896 
 897 
Line 232: In this sentence, does entrainment refer to the same process previously referred to 898 
as scavenging? Please be consistent with this language as it is not widely accepted 899 
vocabulary, especially for a broader audience. 900 
 901 
We thank the reviewer for pointing out this inconsistent terminology, we have now 902 
used “scavenged” at every relevant point in the text.  903 
 904 
Line 237: This point should also be made in the CO2 section, as it led to questions outlined 905 
above. However, it is still important to provide information about the presence or absence of 906 
vapor bubbles in this population and if so, why the depths are still well-constrained.  907 
 908 
As discussed 2 points above regarding melt inclusions in Fo<84 olivines, we have 909 
now given further detail about CO2 bubbles in these inclusions.  910 
 911 
Line 241: This sentence is vague. Please refer to which reservoirs are being replenished, 912 
etc. That is, write this sentence to be more specific to the system at Kīlauea as outlined in 913 
the text – like the SC or the HMM reservoirs that are labeled in figure 4. 914 



 915 
We have clarified that this refers to the SC reservoir (Line 384):  916 
 917 
“The composition of parental melts supplying the deeper, SC reservoir..” 918 
 919 
Line 253: “Just prior to eruption” – what is the evidence that this occurs just prior to eruption? 920 
What is the timescale implied by “just prior?” 921 
 922 
As we have not constrained timescales of the final period of transport in this study, 923 
we have amended this to read (line 397): 924 
 925 
“Prior to eruption, carrier melts scavenge…)” 926 
 927 
Line 499: Write out dates for the “Ulu period” eruptions. It is difficult for someone unfamiliar 928 
with the eruptions in HI to recall this information from the main manuscript. 929 
 930 
Amended 931 
 932 
Line 508: Write out the number of glass, melt inclusion, and olivine analyses performed. In 933 
particular, it is important to note the number of melt inclusions analysed from each of the 4 934 
different samples. 935 
 936 
We now add this into the methods section (Lines 703-705) as well as providing this 937 
information in table 1.  938 
 939 
“We analyse 37, 27, 42, and 20 inclusions respectively from the 1969, 1973, 1974 and 1971 940 
eruptions (see table 1), and ~10 matrix glass chips from each eruption.  “ 941 
 942 
Figure 1 &2: Label/Title 4 dated eruptions from which new data was collected for this study 943 
as “Ulu period” or “this study” to better clarify the source of those data. 944 
 945 
We now indicate the eruptions measured in this study using bold fonts on Fig. 1 (the 946 
map; described in figure captions). We have indicated in the legend for Fig. 2 and 3 947 
which eruptions are measured in this study.  948 
 949 
 950 
 951 



REVIEWERS' COMMENTS: 
 
Reviewer #2 (Remarks to the Author): 
 
The authors have comprehensively addressed the various comments/criticisms of the reviewers. 
These revisions have been useful in emphasising the important novel aspects of the work and will 
no doubt aid with the overall impact of the study. I would recommend this version is accepted for 
publication. 
 
 
Reviewer #3 (Remarks to the Author): 
 
Overall, I am pleased with the manner in which the authors have thoroughly responded to all 
reviews. In particular, I feel that the significant changes to the introduction, clarification of the 
eruption history and data sources, and more detailed explanation of geochemical variations (ME, 
TE, and CO2; with useful supplementary figures) have significantly improved the manuscript. In 
addition, the authors have done a much better job expressing the novelty of their results, while 
toning down some overstated comments. Based on these changes, I would recommend that the 
editor accepts the manuscript for publication. 
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