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Abstract 

The Kuru-Vaara and Gridino samples from the Belomorian Province in eastern Russia are 
eclogites that represent an ancient subduction zone. These samples experienced high-temperature 
and high-pressure metamorphism during subduction and are useful for making comparisons to 
modern subduction zones to find changes in metamorphism and subduction processes throughout 
Earth’s history. In subduction zones, rocks will experience increasing temperatures and pressures 
with increasing depths. The rocks will then be brought back up to Earth’s surface in a process 
known as exhumation, where they may encounter an increase in temperature before both pressure 
and temperature return to surface conditions. The peak temperatures experienced by the rock can 
be estimated using the zirconium-in-rutile method, which uses the concentration of zirconium 
within a rutile crystal to calculate temperature. However, during exhumation, high temperatures 
may cause the zirconium concentration of the rutile crystals to be reset, reflecting the elevated 
temperatures experienced during the rock’s retrograde path. The shielding of rutile crystals by 
garnet crystals may allow the temperatures recorded during subduction to be preserved. Rutile 
crystals included within garnet have no contact with the matrix of the rock, which prevents the 
exchange reaction that allows the reequilibration of zirconium within rutile crystals. A comparison 
is made between the zirconium concentration of rutile crystals within the matrix versus rutile 
inclusions within garnet. This comparison can be used to determine whether the rutile crystals 
between these two locations record the same, or separate stages of the rock’s metamorphism. The 
maximum zirconium concentration is obtained using the mean-max method, following the 
procedure outlined in Harvey et al. (2021). In the Kuru-Vaara sample, there was no difference in 
measured zirconium concentration between rutile crystals included within garnet (753 ± 230 ppm 
2σ) versus within the matrix (607 ± 68 2σ). Similarly, in the Gridino sample, there was no difference 
in measured zirconium concentration between rutile crystals in garnet (1046 ± 311 ppm 2σ) versus 
within the matrix (539 ± 301 ppm 2σ). A traverse through a garnet crystal in the Kuru-Vaara sample 
reveals that zirconium concentrations decrease with increasing distance from the garnet’s center, 
implying that rutile crystals within garnet record the rock’s exhumation path.  

Plain-Text Abstract 

 Subduction zones are a type of tectonic plate boundary that have an influence on Earth’s 
processes, such as earthquakes, volcanoes, and the movement of tectonic plates. During 
subduction, rocks within the subducting plate are subjected to high temperatures and pressures. As 
temperature and pressure increase, the rock unit undergoes metamorphism, wherein minerals 
within the rock undergo changes in composition. These changes in composition can be useful for 
determining the conditions that these rocks have experienced; specifically, geothermometers such 
as zirconium-in-rutile can be used to calculate the temperatures that the rock experienced. The 
process of subduction may not have behaved the same way throughout the entirety of Earth’s 
history. It is hypothesized that ancient subduction zones hotter than modern subduction zones. 
Investigating the temperatures recorded by rutile crystals within these rocks through the use of the 
zirconium-in-rutile geothermometer is a way to observe differences between ancient and modern 
subduction zones. In this geothermometer, the concentration of zirconium within rutile crystals 
can act as a proxy for temperatures that the rock has experienced during subduction. However, 
when subducted material is brought back up to Earth’s surface, it may experience higher 
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temperatures than what it experienced during its subduction. In this situation the geothermometer 
may reset, and instead record the temperatures experienced during exhumation, rather than 
subduction. Minerals such as garnet have been hypothesized to be able to shield mineral inclusions 
such as rutile from being reset.  
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Introduction 

 The subduction of crust is an influential and powerful Earth process that greatly influences 
the planet’s tectonics, seismic activity, and volcanism. Subduction zones are a tectonic setting 
wherein tectonic plates converge, and one plate subducts under the other. The subducting plate is 
subject to intense heat and pressure, which causes the rocks present to metamorphose and 
transform. The investigation of these metamorphosed rocks allows for a greater understanding of 
tectonic processes in both Earth’s present and past. The Earth is in a constant state of flux; changes 
can occur along long time scales, and the behavior of Earth today may be different than it was 
billions of years ago. A better understanding of these processes and their relationships with other 
Earth processes can be obtained by investigating rock samples that have experienced and recorded 
conditions they experienced. 

 The rock samples that have been analyzed originate from a geologic unit that represents an 
ancient subduction zone of oceanic crust (Shchipansky et al., 2012). When oceanic crust is 
subducted and subjected to high pressures and elevated temperatures, the rocks that make up this 
crust are transformed in terms of their structure and their mineralogy. The transformation of the 
rock reflects the facies it was formed in. The samples that have been analyzed were formed in the 
eclogite facies and are composed mainly of the minerals garnet, omphacite, quartz, rutile, zircon. 
These samples are from the Belomorian Province, which is a rock unit containing eclogite. These 
Belomorian Province rocks are of interest due to their age. Age estimates are debated, but the 
oldest estimates for this subduction zone are 2.7 to 2.8 billion years old, which makes these rocks 
among the oldest subduction zone rocks that are being researched (Li et al, 2020). Earth’s 
subduction zones have undergone many changes throughout the duration of Earth’s existence; in 
particular, the temperature conditions of subduction zones have been found to have evolved over 
time, with older subduction zones exhibiting higher temperatures (Brown et al., 2022). In order to 
conduct research on these ancient subduction zones and temperatures that they have experienced 
during subduction, rocks that originate from these subduction zones may be investigated, including 
Belomorian Province rocks.  

 Subduction zones, while still experiencing elevated temperatures and pressure, are referred 
to as “cold” due to their low temperatures in comparison to other tectonic settings (Syracuse et al., 
2010). This is because, as the subducting plate sinks into the Earth’s hot mantle, its rate of 
subduction is faster than the rate at which heat can conduct through the plate (Syracuse et al., 
2010). Nonetheless, as the plate is subducted, it will experience the growth of crystals along this 
pressure and temperature gradient. This path of increasing pressures and temperatures is known as 
the prograde path of the rock. On this prograde path, there exist different facies that represent 
different pressure-temperature conditions and exhibit different mineral assemblages. These 
minerals can record the temperatures that they have experienced during their crystallization. The 
Belomorian Province eclogite samples contain rutile crystals, which can be used as a 
geothermometer. 

The method of analysis used to determine the peak metamorphic temperatures experienced 
by these rocks is the zirconium-in-rutile method. This method relies on the positive correlation 
between zirconium concentration in rutile and temperature (Zack et al, 2004; Kohn, 2020). This is 
because, as temperature increases within a rock, the cation site of the rutile can accommodate 
larger-sized cations, particularly zirconium (Zack et al., 2004; Kohn, 2020). The concentration of 
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zirconium within these rutile crystals is measured using the University of Maryland’s Electron 
Probe Microanalyzer. The data points collected during analysis, each of which represents a 
different rutile crystal, are then used to estimate the temperatures that the rock has experienced. 

These rocks have not only been subject to increasing temperatures and pressures during 
their subduction, but also retrogressive processes as they were exhumed back onto the surface of 
Earth. During this exhumation from depth, while the rock will experience a decrease in pressure, 
it may also experience a temperature increase before eventually reaching surface conditions (Van 
Keken et al., 2018). Consequently, the peak temperatures that are recorded by rutile crystals may 
not reflect the temperatures experienced during the rock’s prograde path. Rather, they may instead 
record the high temperatures experienced during the retrogressive processes experienced during 
the exhumation of the rock. This effect is known as resetting, where the temperatures recorded by 
the crystal during prograde growth are reset during retrogression, and temperatures at shallower 
depths are instead recorded. This form of alteration can theoretically be mitigated by taking 
measurements from rutile crystals trapped within garnet crystals present in the rock. Like rutile 
crystals, garnet crystals experience continuous growth throughout the rock’s metamorphic path. 
As the garnet experiences this continued growth, it will trap mineral inclusions within it, such as 
rutile crystals. Therefore, there will theoretically be rutile crystals included within the garnet 
crystal that have been shielded from alteration by retrogressive processes, and, therefore, will 
retain the temperatures recorded during the rock’s subduction. These temperatures are compared 
to temperatures recorded by rutile crystals in the surrounding matrix, which would be prone to 
resetting during retrogression.  

Hypotheses 

The purpose of this analysis is to determine whether the concentration of zirconium within 
rutile crystals included in garnet crystals is different from the zirconium concentration of the rutile 
crystals within the matrix. The null hypothesis is as stated: concentrations of zirconium within 
rutile crystals included within a garnet will be the same as the zirconium concentrations of rutile 
crystals within the matrix of the eclogite. Therefore, the alternative hypothesis is stated as: the 
zirconium concentrations of rutile crystals included within garnet will be different than 
concentrations of zirconium within the matrix. As the concentration of zirconium within rutile 
crystals is used as a proxy for temperature, the investigation of these hypotheses may allow for a 
comparison of temperatures recorded by rutile crystals included within garnet versus the 
temperatures recorded by rutile crystals in the matrix. 
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Geologic Background 

Belomorian Province 

 Rocks of the Belomorian Province 
originate from an ancient subduction 
followed by continental collision, wherein 
oceanic crust was subducted, allowing the 
rock unit to be subjected to high pressures 
and temperatures (Li et al., 2020). They were 
collected from two locations in western 
Russia northwest of the White Sea. The 
Belomorian Province has not only been 
subject to eclogite facies metamorphism, but 
also retrogressive processes during their 
exhumation from depths to Earth’s surface. 
In Figure 1, the Belomorian Province is 
outlined in red. The Belomorian Province, 
during its exhumation upwards towards the 
surface of the Earth, was thrust on top of the 
Karelian Province in the west (Li et al., 
2020; Slabunov et al., 2021). Then, the 
Belomorian province was, itself, overthrust by fault complexes of the Kola Province in the East 
(Li et al., 2020; Slabunov et al., 2021).  

 The age of the Belomorian Province is controversial, as there are several different estimates 
of the specific age of this rock unit. Estimates include: 2.87 Ga, ranging from 2.72-2.70 Ga, and 
even as young as 1.9 Ga (Li et al., 2020; Liu et al., 2017). Nonetheless, even with the variety in 
age estimates, the age of this rock unit is estimated to be much older than most other eclogites that 
have been previously studied (Li et al., 2020). Examining subduction zone rocks of this age can 
demonstrate how tectonic processes have undergone temperature changes throughout time and can 
be used to investigate a proposed decrease in subduction zone temperature conditions over time 
(Brown et al., 2022). 

Previous Estimates of P-T Conditions 

  There are existing P-T conditions that have been estimated using Belomorian Province 
eclogites. Some of these conditions were estimated by Liu et al. (2017), with P-T paths calculated 
for Kuru-Vaara eclogite. The P-T path of the Gridino eclogite was estimated by Perchuk and 
Morgunova (2014). These P-T paths can be seen plotted on Figure 2(a), which is a graph from Liu 
et al. (2017) that depicts pressure temperature paths of multiple Belomorian Province eclogite 
samples, including Kuru-Vaara (red arrow and grey area) and Gridino (orange arrows). As is 
visible in this figure, both estimated P-T paths for these eclogite samples are clockwise, and 

 
Fig 1. Map of northern Europe and northwestern 
Russia. The Belomorian Province is outlined in red, 
and the sample collection sites are highlighted with 
yellow stars: Kuru-Vaara (KV) and Gridino (G) 
(Slabunov et al., 2021). 
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document retrogression. In addition, the retrograde P-T conditions estimated by Liu et al. (2017) 
were determined from using the alteration of kyanite to sapphirine + spinel + plagioclase as a P-T 
constraint indicating that these rocks experienced granulite facies conditions after their subduction. 
This finding is supported by Shchipansky et al. (2012) which also describes Belomorian Province 
eclogites as having experienced retrogression. In order to determine these P-T paths, these studies 
have used the major-element composition of rocks and minerals, which are more subject to 
resetting than trace elements such as zirconium (Kohn 2020).  

 In addition to P-T conditions recorded by Belomorian Province eclogites, subduction zone 
rocks from across the globe may also be used as a comparison. Figure 2(b) portrays a multitude of 
P-T conditions recorded by blueschist and eclogite samples; these P-T conditions span over a wide 
range of conditions (Penniston-Dorland et al., 2015). 

(a) 

 

(b) 

 
Fig 2. Previously estimated P-T conditions of subduction zones. (a) Graphed P-T paths of Belomorian 
Province rocks from Liu et al. (2017), including a P-T path for Kuru-Vaara (red arrow and grey area) and 
Gridino (orange) from Perchuk and Morgunova (2014). (b) Compilation of global P-T estimates from 
Penniston-Dorland et al. (2015).  

 

Methods 

Zirconium-in Rutile-Geothermometry 

As the subducting plate experiences increasing pressure and temperature along its prograde 
path, there is a continual crystallization of rutile crystals. These rutile crystals are able to record 
the highest temperatures that they have experienced. This record is obtained because the cation 
site in rutile (which is typically occupied by titanium) is able to accommodate large ions like 
zirconium, meaning that there is a positive relationship between temperature and zirconium 
concentration within the rutile crystal (Zack et al., 2004). This means that, as rutile crystals 
experience elevated temperatures, the zirconium concentration within the rutile will increase as 
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well. This substitution of zirconium in the cation site of rutile is made possible by the exchange 
reaction that exists between zircon, α-quartz, and zirconium oxide within rutile: 

ZrSiO4 = SiO2 + ZrO2 

(Kohn 2020) 

The mineral α-quartz is in this exchange reaction rather than β-quartz because these eclogite 
samples formed in conditions within the α-quartz stability field. The use of zirconium-in-rutile 
geothermometry relies on this exchange reaction, and, therefore, can only be used in samples that 
contain both quartz and zircon (Zack et al., 2004). In the Kuru-Vaara sample, quartz and zircon 
were located both in the garnet and in the matrix. EDS Spectra of these minerals can be found in 
Appendix A. 

The zirconium-in-rutile method uses measurements of zirconium concentration to calculate the 
peak temperature experienced by the rutile. In addition to zirconium concentration, this method 
also requires an estimate of pressure in order to calculate temperature. The specific pressure that 
has been experienced by these samples is unknown, so a range of pressures is used to calculate a 
possible range of temperatures that the rock has experienced. The equation used to calculate the 
temperatures experienced using zirconium concentration (C) and pressure (P) is as follows: 

𝑇𝑇(C°) =
71360 + 0.378 ∙ 𝑃𝑃(bars) − 0.130 ∙ 𝐶𝐶(ppm)

130.66 − 𝑅𝑅 ∙ ln [𝐶𝐶(ppm)]
− 273.1 

(Kohn 2020) 
 

Data Collection 

 An Electron Probe Microanalyzer (EPMA) is used for the collection of concentration data; 
the instrument, a JEOL 8900, is in the AIM Laboratory at the University of Maryland. 
Concentration data of several elements within these rutile crystals is collected. The machine 
operates by accelerating a beam of electrons focused to 1μm diameter on the mineral phase of 
interest. The accelerating voltage of the beam is 20 kV, and the sample current is 120 nA. When 
collecting data, the ZAF algorithm is used to determine concentrations of titanium, aluminum, 
iron, niobium, silicon, and zirconium. The purpose of using the ZAF algorithm is to correct for 
differences in atomic number, absorption of other elements, and fluorescence of other elements. 
The concentration of SiO2 is used as a discriminant to determine whether the analysis was 
performed in a region containing silicate inclusions (a mixed analysis); data points that contain 
SiO2 concentrations of over 200 ppm are excluded (Zack et al., 2004). There are a total of 88 data 
points collected from the Kuru-Vaara sample (57 from KV(1) and 31 from KV(2)), and 56 data 
points collected from the Gridino sample. Individual crystals are represented by a single data point 
(with the exception of crystal 37 in the Kuru-Vaara sample, from which four total data points were 
collected, making up a traverse across a single rutile crystal). 
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When data are collected, the uncertainty due to counting statistics is also calculated. The 
uncertainty, 1σ, is calculated as such (where the variable N stands for number of counts): 

1𝜎𝜎 =
√𝑁𝑁
𝑁𝑁

 

 In addition to the comparison of zirconium concentrations in the matrix versus in garnet, 
measurements of several rutile crystals within a single garnet crystal were taken. These rutile 
crystals, which exist at varying distances from the garnet core, are used as a traverse along the 
garnet to determine variability in zirconium concentrations. Similarly, a traverse along a single 
rutile crystal was taken to determine if zirconium concentrations in rutile vary depending on 
proximity to the rim or the core of the crystal.  

Samples 

The protolith of the eclogite samples from the Belomorian Province was basaltic oceanic 
crust (Shchipansky et al., 2012). The garnet crystals present within the samples contain inclusions 
of various minerals, such as quartz, mica, zircon, and rutile. Minerals present in the matrix are 
rutile, quartz, micas, omphacite, plagioclase, epidote, amphibole, and chlorite. EDS Spectra for 
amphibole and chlorite are present in Appendix A(e) and A(f) Sapphirine and spinel are absent 
from these samples. Two thin sections of the Kuru-Vaara sample were obtained (Figures 2(a) and 
2(b)) which are: thin section KV(1) and thin section KV(2). KV(1) was used to obtain zirconium 
concentration measurements of the in-matrix rutile in Figure 5, and in the garnet traverse seen in 
Figure 6. The thin sections KV(1) and KV(2) were combined to obtain zirconium concentration 
measurements of the in-garnet rutile in Figure 5. The Gridino sample consists of one thin section, 
which was used to obtain zirconium concentration measurements for the graphs in Figure 5. 

(a)    

  

(b)  

 
 

5 cm 1 cm 

  

1 cm 

1  2  
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Results 

Multiple analyses of the zirconium content along a traverse of a single rutile crystal from 
the KV(1) thin section were analyzed. Figure 4 portrays this traverse of zirconium concentration 
measurements collected from this rutile crystal. The purpose of this traverse is to determine 
whether the crystal is uniform in its zirconium content. This graph shows that the crystal exhibits 
uniform concentrations within uncertainty. This indicates that there is no diffusion of zirconium 
into the surrounding matrix at this scale. 

 
Fig 4. Zirconium concentration from a traverse along a single rutile crystal in KV(1). The data points 
are ordered by their distance across a single crystal, beginning at the crystal’s rim at 0 µm. 

 

Figure 5(a) is a plot of the zirconium concentrations of rutile crystals within the Kuru-
Vaara sample, while graph 5(b) plots zirconium concentration results for rutile crystals within the 
Gridino sample. The rutile crystals within each sample were numbered 1-60, as can be seen 
labelled on the x-axis. These data points are separated into two populations: rutile crystals included 

(c)      

  

(d) 

 
Fig 3. (a) Photograph of the Kuru-Vaara eclogite sample. (b) Scans of the two Kuru-Vaara thin sections. 
(c) Photograph of the Gridino eclogite sample. (d) Scans of the Gridino thin section.  

5 cm 
1 

1 cm 
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in garnet and rutile crystals in the matrix. The data are then processed using the mean-max method, 
following the procedure outlined in Harvey et al. (2021). Using the mean-max method, the four 
highest zirconium concentrations are averaged, and the standard deviation from these four values 
is used to determine an uncertainty envelope at 2σ (which has been labelled using the orange field 
on figures 5(a) and 5(b)). The purpose of using the four highest values is to determine the 
maximum concentrations reached, while also avoiding issues that may arise when using a singular 
data point as the maximum concentration value. The use of four data points is commonly used in 
other applications, such as detrital zircon geochronology (Harvey et al., 2021). For the Kuru-Vaara 
sample, the average concentrations that were determined using the mean-max method are: 753 ± 
230 ppm for rutile crystals included within garnet, and 607 ± 68 ppm for rutile crystals within the 
matrix. For the Gridino sample, the average concentrations that were determined using the mean-
max method are: 1046 ± 311 ppm for rutile crystals included within garnet, and 539 ± 301 ppm 
for rutile crystals within the matrix. 

Graphs 5(c) and 5(d) display the zirconium concentrations of rutile crystals as box-and-
whisker plots. When using a box-and-whisker plot, the upper quartile values can be used as the 
maximum zirconium concentration, as has been practiced in previous literature (Harvey et al., 
2021). When compared to peak concentration values determined using the mean-max method, the 
values determined using box plots are comparable. Using the upper quartile value, the maximum 
zirconium concentrations for the Kuru-Vaara sample was determined to be: 572 ppm for rutile 
crystals included within garnet, and 533 ppm for rutile crystals within the matrix. For the Gridino 
sample, the maximum zirconium concentrations were determined to be: 669 ppm for rutile crystals 
included within garnet, and 382 ppm for rutile crystals within the matrix. 

(a) 
Zirconium Concentration: Kuru-Vaara 
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(b) 
Zirconium Concentration: Gridino 

 

 

 
 

(c) 
Zirconium Concentration Box Plot: Kuru-

Vaara 

 

 
(d) 

Zirconium Concentration Box Plot: Gridino 
 

 
 

Fig 5. Graphs depicting the zirconium concentrations measured for each rutile crystal. Plotted using: (a) 
Mean-max method for Kuru-Vaara sample, yields mean-max value of 753 ± 230 ppm for within garnet 
and 607 ± 68 ppm (all uncertainties are calculated to 2σ) within matrix; (b) Mean-max method for 
Gridino sample, yields mean-max value of 1046 ± 311 ppm within garnet and 539 ± 301 ppm within 
matrix; (c) Box plot for Kuru-Vaara sample; yields upper quartile value of 572 ppm within garnet and 
533 ppm within matrix; (d) Box plot for Gridino sample; yields upper quartile value of 669 ppm within 
garnet 382 ppm within matrix. 

 

Multiple rutile crystal inclusions within a garnet from the core of the garnet crystal to its 
rim were analyzed using a garnet crystal in the KV(2) thin section. These data points are depicted 
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in Figure 6. The purpose of this traverse is to investigate whether zirconium concentration varies 
in rutile crystals in different parts of the garnet crystal. This is to assess whether changes in 
temperature are recorded over the growth history of a garnet crystal. In Figure 6, there is a decrease 
of zirconium concentration outside of uncertainty with increasing distance from core, which 
suggests that the garnet has grown along a path of decreasing temperature. 

 
Fig 6. Zirconium concentration measurements from rutile crystal inclusions within a garnet crystal 
from KV(2). The data points are ordered by the measurement’s distance from the core of the garnet 
crystal. 

 

The garnet x-ray maps in Figure 7 depict the concentrations of iron, magnesium, 
manganese, calcium, and yttrium to map out the spatial distribution of major and minor elements 
in the garnet from Figure 6. The purpose of these maps is to determine zonation within the garnet. 
The garnet crystal exhibits a core enriched in manganese and iron, and a rim enriched in 
magnesium. The maps of calcium and yttrium do not exhibit any systematic differences in 
concentration from core to rim.  
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Fig 7. Garnet x-ray maps, with concentrations (from low to high) indicated by the colors: black, purple, 
orange, and white. The locations of rutile crystals used for Figures 6 and 9 are labelled using green 
squares. Included is a scan of KV (2), with mapped area outlined in red. 

 

1 cm 
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Discussion 

Zirconium-in-Rutile Geothermometry 

Figure 8 contains the temperature estimates for the Kuru-Vaara and Gridino sample that 
were obtained using the zirconium-in-rutile geothermometer. The zirconium concentrations, and 
therefore temperature estimates, of rutile crystals within garnets and within the matrix of both the 
Kuru-Vaara sample (Figure 8(a)) and the Gridino sample (Figure 8(b)) do not vary outside of 
uncertainty at the 2σ level. This result supports the null hypothesis that there is no difference in 
zirconium concentrations between these two sampled populations. 

(a) Pressure-Temperature Graph: Kuru-
Vaara 

 

(b) Pressure-Temperature Graph: Gridino 
 

 

 
Fig 8. Results of zirconium-in-rutile geothermometry using zirconium concentration obtained by the 
mean-max method, and 2σ uncertainty. (a) Temperature estimates for the Kuru-Vaara sample over a wide 
range of pressures. (b) Temperature estimates for the Gridino sample over a wide range of pressures.  

  

Garnet Traverse 

Figure 9(a) depicts the same garnet traverse data that was plotted in Figure 6, which is a 
traverse within a garnet crystal in the thin section KV(1). A line calculated using linear regression 
has been fit onto the data. This line demonstrates the decreasing concentration of zirconium that 
occurs with increasing distance of the rutile crystal from the core of the garnet. This decreasing 
zirconium concentration suggests that the garnet recorded decreasing temperature throughout its 
growth. 



16 
 

 
Fig 9. Garnet Traverse as seen in Figure 6 with the inclusion of a linear regression model. 

 

Interpretation 

The lack of variation outside of uncertainty between the zirconium concentrations of the 
two sampled populations in both Kuru-Vaara and Gridino supports the null hypothesis. This result 
suggests that the eclogite unit did not record exhumation temperatures that were any different from 
subduction zone temperatures. Additionally, the trend of zirconium concentration in rutile 
inclusions in garnet was found to decrease from garnet core to rim (as is seen in Figure 9), which 
suggests an overall decrease in temperature during garnet crystallization. 

There are some possible explanations for the observed lack of variation between the two 
populations in the samples. One explanation may be that the rock may not have recorded high 
temperatures during its path back to the surface of the Earth. In Liu et al. (2017), the minerals 
sapphirine and spinel were used as a geothermometer to determine that these rocks experienced 
high-temperature conditions during exhumation. These minerals were not present in this sample, 
which also suggests that the rock does not record high exhumation temperatures. Another possible 
explanation is that the rocks were exhumed too quickly for high temperatures to be recorded. This 
can also explain the absence of the minerals sapphirine and spinel in these thin sections. A third 
reason may be that the exhumation temperatures recorded by these rocks were similar enough to 
subduction zone temperatures, and happened to not vary outside of uncertainty. However, this 
would contradict metamorphic path estimations by previous literature, namely Liu et al. (2017), 
which predicts high temperatures during exhumation. 

Prograde vs. Retrograde Conditions 

In Figure 10, the calculated zirconium-in-rutile geothermometry results are superimposed 
on top of the P-T diagram created by Liu et al. (2017) that plots the P-T paths of several different 
rock samples, including samples originating from the Kuru-Vaara and Gridino complexes. The 
calculated Kuru-Vaara isopleths intersect with the P-T path for Kuru-Vaara twice: once during the 
prograde path, and once during the retrograde path. The intersection of the calculated isopleth with 
the prograde path of the Kuru-Vaara sample is useful when arguing in support of the idea that these 
rocks record prograde path temperatures, as the calculations intersect with expected pressures and 
temperatures calculated by previous literature. Alternatively, in support of the argument that these 
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rocks instead record retrograde conditions rather than prograde conditions (as is implied by the 
garnet traverse in Figures 6 and 9), the isopleth intersects with the Kuru-Vaara sample’s retrograde 
path estimated by Liu et al. (2017). Similarly, estimated Gridino isopleths intersect with previously 
calculated retrograde P-T paths for other Gridino samples (Perchuk & Morgunova, 2014). The 
growth of a garnet crystal during the rock’s retrogression, rather than its subduction, is possible 
and has been seen in other subduction zone rocks (Jiao et al., 2021). Belomorian Province eclogites 
are known to have previously experienced ultrahigh-pressure conditions, however, the uncertainty 
of the Gridino sample’s isopleth creates a large overlap with the prograde path estimated by 
Perchuk & Morgunova (2014) for the Gridino sample (Shchipansky et al., 2012). These prograde 
path conditions would be better constrained with the use of an additional geobarometer. Notably, 
none of these zirconium-in-rutile populations record the highest temperature conditions that were 
interpreted for the Kuru-Vaara sample by Liu et al. (2017), which were estimated due to the 
minerals sapphirine + spinel + plagioclase (sapphirine and spinel are not found in the samples 
studied). 

(a) Kuru-Vaara 

 
(b) Gridino 

    
Fig 10. Zirconium-in-rutile geothermometry results superimposed onto P-T diagram from Liu et al. 
(2017). (a) Kuru-Vaara geothermometry results superimposed on top of the Kuru-Vaara P-T path 
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estimated by Liu et al. (2017) (red arrow and grey area). Intersections are labelled with colored outlines 
(red outline indicates overlap with prograde path, blue outline indicates overlap with retrograde path). 
(b) Gridino geothermometry results superimposed on top of the P-T diagram created by Liu et al. (2017), 
which includes pressure temperature paths for Gridino estimated by Perchuk & Morgunova (2014) 
(orange arrows). Intersections are labelled with blue outlines indicating an overlap with the retrograde 
path. 

  

Figure 11 shows the isopleths from both the Kuru-Vaara and the Gridino sample plotted 
on top of a graph depicting P-T estimates from recent blueschists and eclogites throughout the 
globe. Though the Kuru-Vaara and Gridino isopleths exist at the high-end of these estimates, they 
still fall within the expected range of modern subduction zone rocks. 

(a) 

 

(b) 

 
Fig 11. Zr-in-rutile isopleths from (a) Kuru-Vaara and (b) Gridino plotted on top of compilation of global 
P-T estimates from Penniston-Dorland et al. (2015). 

 

Potential for Future Work 

 Neither of the two eclogite samples studied from this ancient subduction zone yield a 
difference in zirconium concentration between rutile crystals in the matrix and included within 
garnet. It would be worthwhile to further investigate the differences in zirconium concentration, 
and recorded temperature, between these two rock samples.  

 Kuru-Vaara eclogite samples contain evidence of preserved retrograde metamorphism in a 
garnet crystal. This creates a question as to whether the rutile crystals preserve zirconium 
concentrations reflective of the rock’s prograde path, or its retrograde path. In the future, pairing 
these investigations with a geobarometer would aid in determining the P-T conditions this rock 
records, and its place along its P-T path. 

 Finally, there are limitations when it comes to the approach used in this investigation. 
Particularly, treating the entirety of a garnet crystal as a population may not serve as an accurate 
representation of the conditions under which the garnet formed. The different zones within a garnet 
represent different stages of garnet growth and therefore will record different environmental 
conditions. This limitation can be addressed using a garnet traverse to identify these environmental 
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conditions, but a more appropriate approach would likely be to treat different garnet zones 
individually, rather than as a single population.  

Conclusions and Broader Impact 

 The two rock samples both support the null hypothesis that states that the two sampled 
populations will not exhibit differences in zirconium concentrations. Additionally, in the Kuru-
Vaara sample, rutile crystal inclusions that exist along the traverse of a single garnet exhibit 
decreasing zirconium concentrations with increasing distance from the core. This indicates that the 
garnet crystal experienced high temperatures during the formation of its core, and lower 
temperatures during the formation of its rim. Using the comparisons to literature as seen in Figure 
10, both prograde and retrograde conditions are feasible based on P-T paths estimated by Li et al 
(2017) and Perchuk & Morgunova (2014). Further research that includes the use of a 
geothermometer in addition to not treating inclusions within garnet as a single population may 
provide a more insightful result.  

When making comparisons to previously estimated P-T paths, there is no evidence that 
these rocks experienced the high-temperature retrograde conditions predicted on these paths; 
rather, these calculated temperature conditions correlate with either an earlier stage on the rock’s 
prograde path, or a later stage of its retrograde path. This is especially true for the Kuru-Vaara 
sample, where the highest temperatures recorded by zirconium in rutile are around 800 °C, while 
peak temperature conditions during retrogression estimated by Liu et al. (2017) reach 870-915°C. 

Previous research, namely Brown et al. (2022) has proposed that ancient subduction zone 
environments were higher in temperature than modern subduction zones. However, as was shown 
in Figure 11, the Belomorian Province eclogite P-T estimates still fall within values expected of 
modern eclogites. Overall, further research on the Belomorian province and comparisons between 
different eclogite samples will allow for a deeper understanding not only of this ancient subduction 
zone, but also the changes in Earth’s tectonic processes over time. 
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Appendices 

Appendix A – EDS Spectra 

(a)  

 
(c) 

 

(b)  

 
(d)  

 
(e) 

 

(f) 

  
Appendix A. Thin Section KV(1): (a) EDS Spectra of zircon in matrix . (b) EDS Spectra of quartz in 
matrix. (c) EDS Spectra of zircon in garnet. (d) EDS Spectra of rutile in garnet. Thin section KV(2): (e) 
EDS Spectra of amphibole in matrix. (f) EDS Spectra of chlorite in matrix. 

 

Appendix B – Summary Table 

Summary table of filtered data collected by the EPMA. 

(a) Kuru-Vaara – KV(1) 
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Garnet   
 

Matrix 
  

    Uncertainty (2σ)     Uncertainty (2σ) 
Crystal no. Zr(ppm) Zr(ppm) Crystal 

no. 
Zr(ppm) Zr(ppm) 

7 642 37 29 466 40 
13 374 38 32 614 39 
14 945 39 34 536 34 
17 290 35 35 391 38 
21 425 38 36 376 36 
21 549 36 37 275 36 
22 287 39 37 284 35 
25 249 38 37 315 39 
26 318 36 37 291 33 
27 531 37 39 359 38 
    

 
41 481 36 

    
 

42 373 36 
    

 
43 222 34 

    
 

44 359 38 
    

 
46 384 35 

    
 

47 472 38 
    

 
48 551 37 

    
 

49 405 36 
    

 
50 522 37 

    
 

52 640 37 
    

 
53 497 33 

    
 

54 478 35 
    

 
55 626 38 

    
 

63 287 36 
(b) Kuru-Vaara – KV(2) 

Garnet   
 

    Uncertainty (2σ) 
Crystal no. Zr (ppm) Zr(ppm) 
7 734 38 
12 427 35 
18 364 32 
16 692 36 
17 545 36 
20 398 37 
21 400 35 
22 518 36 
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23 405 33 
30 340 37 
25 387 34 
28 358 36 
29 327 36 
31 340 36 
27 357 38 

(c) Gridino 

Garnet   
 

Matrix 
  

    Uncertainty (2σ)     Uncertainty (2σ) 
Crystal no. Zr(ppm) Zr(ppm) Crystal 

no. 
Zr(ppm) Zr(ppm) 

1 529 38 32 270 34 
2 643 36 33 270 33 
3 524 36 35 317 36 
4 512 36 36 785 38 
5 315 34 37 386 36 
6 1285 40 38 351 39 
7 747 38 39 293 34 
8 569 37 40 328 39 
9 503 35 41 423 37 
10 464 35 42 297 37 
11 381 38 43 298 35 
12 378 39 44 333 38 
14 1030 41 45 201 37 
15 1018 39 46 203 34 
18 850 39 47 307 37 
19 338 36 48 301 36 
23 316 33 49 295 33 
24 314 36 50 409 36 
25 514 37 51 307 35 
27 331 36 52 383 34 
29 418 34 53 538 36 
30 329 33 54 380 35 
31 883 39 55 367 34 
    

 
56 366 36 



 
 

Appendix C – Data  

KV(1) 
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27 
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KV(2) 



29 
 

 



30 
 

 



31 
 

Gridino 

 

 



32 
 

 

 



33 
 

 



34 
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