A method to estimate the pre-eruptive water content of basalts:
application to the Wudalianchi—Erkeshan—Keluo volcanic field,
Northeastern China

(Supplemental Materials)

Yankun Di'?®, Wei Tian'*, Mimi Chen!, Zefeng Li*°, Zhuyin Chu?, Ju Liang'

!School of Earth and Space Sciences, Peking University, Beijing 100871, China
2School of Physics, Peking University, Beijing 100871, China
3State Key Laboratory of Lithospheric Evolution, Institute of Geology and Geophysics, Chinese

Academy of Sciences, Beijing 100029, China

®Present address: Research School of Earth Sciences, Australian National University, Acton ACT
2601, Australia

®Present address: Research School of Astronomy & Astrophysics, Australian National University,
Weston Creek, ACT 2611, Australia

*Corresponding author, email: davidtian@pku.edu.cn

American Mineralogist: February 2020 Deposit AM-20-27137



Contents:

Appendix A. Analytical methods and results

Appendix B. Discussions on clinopyroxene—melt equilibrium
Appendix C. Discussions on water content estimation method
References cited

Table S1. Elemental compositions of the WEK basalts.

Table S2. Rb—Sr, Sm—Nd isotopic compositions of the WEK basalts.
Table S3. Clinopyroxene compositions of the WEK basalts.
Figure S1.

Figure S2.

Figure S3.

Figure S4.

Figure SS5.

American Mineralogist: February 2020 Deposit AM-20-27137



Appendix A. Analytical methods and results

The rock samples were initially sawn to remove altered and contaminated surfaces. Then
the fresh rock blocks were sawn into thin chips. All the thin chips were visually checked to make
sure they contained no impurities such as amygdales and xenocrysts. The samples were then sealed
in several plastic bags and crushed into small chips using a hammer that was also wrapped in
plastic bags. The plastic bags sealing the chips were replaced by new ones as soon as one layer of
plastic had broken. After the chips had been hammered to fragments less than 5 mm in size, they
were checked for small impurities again. Any chips with impurities were removed to guarantee
purity. Then the purified chips were cleaned with 10% hydrochloric acid in an ultrasonic bath for
approximately half an hour. After ultrasonification, the chips were cleaned three times with
deionized water. Subsequently, selected rock chips were crushed using an alumina ceramic jaw
crusher, then ground into fine powder with agate shatter-boxes. Finally, 20-30 g of powder was

produced for each sample.

Elemental analyses

Major-element data for whole rock samples were obtained by X-ray fluorescence
spectrometry on fused glass disks using an Axios-Minerals instrument at the Institute of Geology
and Geophysics, Chinese Academy of Sciences (IGGCAS), following the procedures of Chu et al.
(2009). Precision was 1%—3% RSD for elements present at >1 wt%, and approximately 10% RSD
for elements present at <1 wt%. A Chinese basalt reference material, GSR-3, was analyzed during
the same period, and the values determined were well within the range of consensus values

(GeoREM, http://georem.mpch-mainz.gwdg.de/; Table S1).

Trace-element concentrations, including rare earth elements (REE), were determined by
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inductively coupled plasma mass spectrometry using an Agilent 7500a system at IGGCAS,
following the procedures described in Chu et al. (2009). Basalt reference materials BHVO-2 and
BCR-2 were measured to monitor the accuracy of the analytical procedure; the results were in

good agreement with reference values (GeoREM, http://georem.mpch-mainz.gwdg.de/; Table S1).

Precision was generally better than 3% for most elements based on replicate analyzes of several
samples.

Sulfur concentrations were determined at the National Research Center for Geoanalysis,
Chinese Academy of Geological Sciences, using a high-frequency infrared absorption
spectrometer (HIR-944B, Wuxi High-speed Analyzer Co. Ltd., China), following the procedures

described in Chu et al. (2009). The detection limit for S was approximately 50 ppm.

Sr—Nd isotope analyses

Sr and Nd isotope compositions were determined at the State Key Laboratory of
Lithospheric Evolution, Institute of Geology and Geophysics, Chinese Academy of Sciences. A
combined chemical procedure for Rb—Sr and Sm—Nd isotopic analyzes from one-sample digestion
was used, as described in detail by Yang et al. (2010). The Rb—Sr and Sm—Nd isotopic analyzes
were conducted using an Isoprobe-T thermal ionization mass spectrometer made by Isotopx
Company (formerly GV instruments). Measured ¥’Sr/%6Sr and '**Nd/'**Nd ratios were corrected
for mass-fractionation using 36Sr/%¥Sr = 0.1194 and *Nd/"**Nd = 0.7219. During the period of
data collection, the measured values for the NBS-987 Sr standard and the JNdi-1 Nd standard were
87Sr/%6Sr=0.710245+ 16 (2 SD, n = 8) and '*Nd/'*Nd = 0.512117 + 10 (2 SD, n = 8). The USGS
basalt reference materials BCR-2 and BHVO-2 were measured for Rb—Sr and Sm—Nd isotopic

compositions to monitor the accuracy of the analytical procedures; the results were in excellent
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agreement with the reported reference values (GeoREM, http://georem.mpch-mainz.gwdg.de/;

Table S2). The procedural blanks were approximately 40 pg for Rb, 300 pg for Sr, 20 pg for Sm,

and 60 pg for Nd.

Mineral chemistry analyses

Major-element compositions of clinopyroxenes were analyzed with a JXA-8100 electron
microprobe at Peking University in wavelength dispersive mode with 15 kV acceleration potential,
10 nA beam current, and a beam diameter of 1 micrometer. Matrix corrections were carried out
using the PRZ correction program. Back-scattered electron (BSE) images were taken

simultaneously with the JXA-8100.

Results

The major- and trace-element contents of the samples are presented in Table S1. Consistent
with previous reports (Zhang et al. 1995; Zou et al. 2003; Chen et al. 2007; Chu et al. 2013; Sun
et al. 2014), these potassic rocks have relatively low Al2O3 and CaO contents for a given MgO
content compared to other Cenozoic basalts in NE China (Fig. S2). The WEK basalts have REE
and large ion lithophile element (LILE) concentrations higher than other Cenozoic basalts in NE
China and ocean island basalts. On a chondrite-normalized REE diagram (Fig. S3a), the WEK
basalts show uniform REE characteristics with strong light REE enrichment [(La/Yb)n = 42.5—
57.2] relative to CI chondrite [(La/Yb)n = 1] and ocean island basalts (OIB) [(La/Yb)n = 12.3, Sun
and McDonough 1989]. The heavy REEs are also strongly fractionated with (Sm/Yb)xn =9.1-11.8
[cf. OIB (Sm/Yb)x = 5.1, Sun and McDonough 1989]. These samples have uniform primitive-

mantle-normalized trace-element patterns (Fig. S3b), with strong enrichment of LILE
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(sample/primitive mantle > 100) and Pb and K (sample/primitive mantle > 200), slight enrichment
of Zr and Hf (sample/primitive mantle = 50), and significant depletion of U, Th, Nb, and Ta
compared to adjacent elements in the diagram.

The Sr and Nd isotopic compositions of the WEK basalts are listed in Table S2. The Sr—Nd
isotopes of the WEK basalts are more enriched (i.e., Sr isotopic compositions are more radiogenic
and Nd isotopic compositions are less radiogenic) than Cenozoic basalts elsewhere in NE China
(Fig. S4). Consistent with previously reported results (Zhang et al. 1995; Zou et al. 2003), 8’Sr/36Sr
is negatively correlated with '*Nd/'**Nd, overlapping the enriched mantle 1 (EM1) oceanic basalt
field (Zindler and Hart 1986; Fig. S4).

The clinopyroxene mineral compositions and pressure—temperature (P—T) calculation

results based on the clinopyroxene—melt thermobarometer are listed in Table S3.

Appendix B. Discussions on clinopyroxene—melt equilibrium

Equilibrium tests

In a magma process, the “equilibrium” between clinopyroxene and the melt includes three
cases: 1) a clinopyroxene grain crystallized from a melt and its composition did not change after
crystallization; 2) after crystallization, the clinopyroxene grain reacted with, dissolved in, and re-
equilibrated with the melt; 3) a clinopyroxene grain from other magma or the wall rock reacted
with the melt and reached equilibrium during mixing or assimilation processes. In the first case, if
the clinopyroxene is the liquidus mineral, its composition can be matched with that of the whole
rock, whereas in the second and third cases the reactions modify the equilibrium melt compositions.
In these latter cases, the equilibrium melt may be the matrix/glass (e.g., Jankovics et al. 2015;

Winpenny and McLennan 2011), or the whole rock composition with subtraction of some early
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crystallized minerals. Several approaches to test whether a melt is appropriate to pair with a
clinopyroxene grain are discussed below.

The most essential test is to check the mineral-liquid Fe—-Mg exchange equilibrium (e.g.,
Kp(Fe-Mg)» 4 = 0.28; Putirka 2008). If the whole rock is not in equilibrium with a
clinopyroxene, early crystallized minerals may be subtracted until equilibrium is obtained (e.g.,
Putirka 1997; Armienti et al. 2013; Tao et al. 2015). An alternative method is to select liquid
compositions from the whole rock and glass-composition database of the study area (e.g.,
Winpenny and McLennan 2011; Neave et al. 2013). However, Fe-Mg exchange equilibrium only
indicates that the liquid is likely to be equilibrated with the clinopyroxene, but does not guarantee
this equilibrium. An arbitrarily selected liquid, or a liquid with some olivine subtracted, may be
adjusted to Fe-Mg exchange equilibrium with a given clinopyroxene, but may not be in
equilibrium with other elements, such as Al, Ca, and Na (Putirka 2008). In addition, Putirka et al.
(2009) and Mollo et al. (2013) demonstrated that under rapid crystallization conditions
disequilibrium of clinopyroxene composition was observed. This disequilibrium originated from
chemical kinetic factors, but not modification of liquid composition. In both cases, the liquid
compositions generated by subtracting olivine from “seemingly disequilibrated liquids™ are not
real, and thus the P—T estimates based on them are meaningless. Also, as shown by Putirka (1999,
2008), Putirka et al. (2003), Toplis (2005), and Herzberg and Asimow (2008), the Fe-Mg exchange
constant of mineral with melt is a function of the pressure, temperature, and composition of both
mineral and melt.

Another clinopyroxene—liquid equilibrium test is to predict the equilibrated clinopyroxene
composition using models (e.g., Ghiorso et al. 2002; Putirka 1999; Mollo et al. 2013) with the

candidate liquid composition and the calculated pressure and temperature. If the predicted
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clinopyroxene composition is consistent with the measured compositions, equilibrium is thought
to be reached. If not, some early crystallized minerals must be subtracted until the consistency is
reached. The effectiveness of this method was demonstrated by Putirka and Condit (2003), Putirka
et al. (2009), Stroncik et al. (2009), Hildner et al. (2011), Dahren et al. (2012), and Barker et al.
(2015). Theoretically this approach guarantees mineral-melt equilibrium, but as the
thermobarometer models and the prediction models use different calibrating datasets, systematic
errors may exist between models.

A very different perspective to test equilibrium is to predict the clinopyroxene saturation
temperatures with the liquid composition by means of models (e.g., Ghiorso et al. 2002; Putirka
1999; Mollo et al. 2013) and to compare them with the calculated temperatures, as applied by
Putirka and Condit (2003), Putirka et al. (2009), and Armienti et al. (2013). If a clinopyroxene
grain did not undergo re-equilibrating processes with the melt after crystallization, the calculated
temperature and pressure obtained using thermobarometers should be on the clinopyroxene
saturation surface of the liquid used for the P-T calculation. However, the position of the
clinopyroxene saturation surface of a given melt composition is sensitive to the H2O content.
Therefore, if the calculated temperature from the thermobarometer is under the predicted saturation
surface, this liquid is not the equilibrium melt, and two alternative conclusions may be drawn:
reaction of mineral and melt occurred; or volatiles, such as H20, were present. Subtraction of
olivine from a volatile-bearing liquid to fit the calculated temperature to the saturation surface may
also lead to incorrect P—T estimates. In addition, volatile-bearing magmas are usually related to
explosion and rapid ascent in the lithosphere, leading to fast crystallization and kinetics-originated
disequilibrium.

The fourth equilibrium-checking method is to apply another thermobarometer, such as the
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olivine—liquid thermometer (Beattie 1993; Putirka 1997; Putirka et al. 2007) or the Si activity
thermobarometer (Putirka 2008; Lee et al. 2009), to obtain an independent P-T estimate. If the
results of different thermobarometers overlap with each other, the P-T estimates are highly likely
to be robust. This equilibrium test was utilized by Putirka (1997), Putirka and Condit (2003),
Stroncik et al. (2009), Putirka et al. (2009), and Tao et al. (2015).

In summary, to use the clinopyroxene—melt thermobarometer correctly, the clinopyroxene
and melt pairs must be in equilibrium. Methods of checking clinopyroxene—melt equilibrium
include: 1) checking the Fe-Mg exchange equilibrium constant; 2) predicting the equilibrated
clinopyroxene composition with the liquid used for P-T calculation as well as the calculated P-T
result; 3) predicting the saturation surface of the liquid; and 4) using another independent

thermobarometer.

Effects of clinopyroxene zoning

Compositional zoning is a common phenomenon in igneous crystals. Complex zoning
patterns in clinopyroxene phenocrysts may reflect elongated crystallization history and/or open
system behavior, thus can cause problems in the application of clinopyroxene—melt
thermobarometer. For a zoned clinopyroxene crystal, which composition zone should be used for
P—T calculation is an important question needs to be answered.

The formation of zoning texture in igneous crystals generally includes four cases: (1) melt
composition change due to crystallization following a liquid line of descent (normal zoning); (2)
resorption, re-equilibration, and recrystallization of existing crystal due to changes of P, T, fo2, or
volatile content (core-rim or core-mantle structure); (3) kinetic-controlled small-scale composition

oscillation during crystal growth (sector and oscillatory zoning); (4) melt composition change due
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to magma mixing and assimilation (reverse zoning, patchy zoning, growth bands, etc.). In these
cases, (1)—~(3) can occur in closed system magma evolutions, whereas (4) requires an open system.

For clinopyroxene zoning in case (1), the inner zones are expected to equilibrate a more
primary melt (e.g., bulk rock), whereas the outer zones are expected to equilibrate a more evolved
melt (e.g., glass in contact with the rim of crystal). Thus, different melts should be selected for
these zones in P—T calculation. If the crystallinity of the magma is sufficiently low and the change
of melt composition due to crystallization is negligible, both inner and outer zones can be paired
with the observed melt in P—T calculation. The same argument applies to case (2). In case (3), the
sector and oscillatory zoning of clinopyroxene reflects the variations of small-scale kinetic effects
during crystal growth, such as solute diffusion rate, extent of oversaturation, interface effect, and
lattice stress, rather than large-range melt composition/condition changes (Downes 1974; Shore
and Fowler 1996). Disequilibrium partitioning of Fe, Mg, Al, Ca, Na may result from these kinetic
effects (Putirka et al. 2009; Mollo et al. 2013; Neave and Putirka 2017). Nonetheless, these
different zones all grow from the same melt at the same condition, thus they should record the
same P—T (if they equilibrate the melt). Therefore, in cases (1)—(3), all zones of a clinopyroxene
phenocryst can be used for P-T calculation, as long as they are checked to be in equilibrium with
the right melt composition. Zoning in case (4), however, is a problem for thermobarometry,
because the melt composition is altered in open system (magma mixing/assimilation), and the
endmembers and extents of magma mixing/assimilation are unknown. Using the observed melt
composition for the thermobarometer will result in problematic P—T results.

For the WEK samples studied here, actually most clinopyroxene phenocrysts are small (all
phenocrysts < 0.5 mm, most phenocrysts < 0.1 mm) and unzoned. Only seven large euhedral, large,

zoned phenocrysts are found in our carefully checked ~10 rock thin sections, with the one shown
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in Fig. 2a the most representative. For these phenocrysts, we performed multi-spot analyses,
followed by selection of equilibrated zones using the equilibrium filters. We consider each zone as
an individual clinopyroxene crystallized from the common melt, because the zoning found in our
samples most likely belongs to the aforementioned cases (1)—(3) rather, than case (4), based on
three observations. Firstly, the clinopyroxene zoning pattern, as represented by Fig. 2a, is similar
to the description of oscillatory zoning (Shore and Fowler 1996; Streck 2008): multiple growth
layers parallel to crystallographic planes of low Miller indices, concentric with the external margin
of crystal, and layer thickness of 1-10 um. The zoning texture is only recognizable in back-
scattered electron images by forcing the contrast very high, probably because the overall atomic
mass change in ion substitutions is small. Secondly, different zones from the same crystals yielded
identical P—T estimates within error. Take the phenocryst in Fig. 2a as an example, three spots
analyzed at outer, intermediate, and inner zones yielded pressures of 3.3+1.7, 5.1+1.7, and 3.5+1.7
kbar respectively. Thirdly, abundant evidence has rule out magma mixing and crustal assimilation
for the WEK magmas, such as the near-primitive melt composition, high magma ascent rate
suggested by the common occurrence of mantle xenoliths and significant 2°Th excess (Zou et al.
2003), and the uncontaminated mantle Os isotope signatures (Chu et al. 2013; Sun et al. 2014). We
therefore conclude that the occurrence of zoning in our samples does not trouble the P-T
calculation. All compositional zones can potentially be used for P—T calculation, as long as they

pass the equilibrium test.

Appendix C. Discussions on water content estimation method

A flow chart of our water content estimation using the two thermobarometers is shown in

Fig. S5. The estimation method is generally composed of three calculation steps: (a) P-T
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calculation using the Putirka et al. (2003) clinopyroxene—melt thermobarometer; (b) P-T
calculation using the Lee et al. (2009) Si activity thermobarometer with an assumed H2O content;
and (c) Evaluating the consistency of the two sets of P-T estimates. The calculation steps are
consecutively repeated, with the H2O content used in (b) varying within a given range by a set
increment. The H20 content that maximizes the consistency in (c) will be the best estimation value.

Data filtering and correction are needed before implementing the H2O content estimation.
Step (a) requires input of equilibrated clinopyroxene—melt pairs. The selection of potential melt
compositions and equilibrated pairs have been discussed in Appendix B. Step (b) requires melt
compositions in equilibrium with olivine and orthopyroxene (ol+opx) as input. This ol+opx
assemblage is from the mantle in most cases, but it can also be the fractionated crystals from the
melt or solidified predecessor melts in the magma conduit. The melt-mantle equilibrium can be
tested by Fe-Mg exchange between the silicate melt and mantle olivine. Magma fo2 (or melt
Fe**/Fe™@) mantle Fo, and Kp(Fe-Mg)°™! values are required for the equilibrium test and
reverse crystallization correction if the melt experienced olivine-only-controlled fractionation. The
models involved in the test and the correction approaches are recently discussed by Putirka (2016)
and Plank and Forsyth (2016).

The core of the H20 content estimation method is step (c). The consistency of the two sets
of P—T estimates can be evaluated by several proxies. The simplest one is the absolute temperature
difference, |AT|, derived from direct comparison of T estimates with same P, as shown in Table 1.
A second proxy is the distance of the two regressed P—T trends in slope—intercept space, if the P—
T arrays given by both thermobarometers show good linearity. Alternatively, the two sets of P—T
arrays can be regressed together, and the global goodness-of-fit (MSWD or R?) can be used as a

quantitative indicator. However, the two thermobarometers do not always give perfectly matched

American Mineralogist: February 2020 Deposit AM-20-27137



pressure results or linear P—T trends, thus these proxies are not applicable at all times. We
alternatively look at the overlapping degree of the two P—T arrays with consideration of their errors,
and express it by buffer overlapping area (BOA). Once the buffers for the two thermobarometers
are constructed by outlining error ellipses (Fig. 4a), their overlapping area in P—T space can be
calculated or measured. Analytically solving the overlapping area of two ellipses is difficult, not
to mention an ensemble of a series of ellipses. Therefore, a numerical discretization mothod is
employed in our method. The buffers are separated into tiny rectangle units (i.e., 2-dimensional
bins), and the BOA is approximated by unit counting. Obviously, a finer division of units will lead
to a more precise numerical solution but inevitably longer program running time. In practice, we
adopt a rectangle unit size with long side and short side lengths of ca. 10% of the semi major axis
and semi minor axis lengths of the ellipses, respectively. The Python code of our water content
estimation method with a user manual is available at

https://github.com/zidianjun/BOA_calculation.

Restrictions apply to the application of this method. The volcanic rock samples suitable for
H>O content estimation with this method should be free from crustal contamination, and should
not be far from the olivine-controlled liquid line of decent. Low crystallinity samples (e.g.,
phenocryst < 5%) with unzoned clinopyroxene phenocrysts are expected to perform well. The H20
content estimation will fail if the two P—T arrays have no overlap (i.e., BOA = 0) in the entire
assumed H20 content range. This may happen if the depths of melt—ol-opx equilibria (e.g., deep
mantle) are much greater than the depths of clinopyroxene crystallization (e.g., shallow crust or
surface). In this case, other proxies or thermobarometers may be considered.

It should be noted that the water content estimation method reported in this study is by no

means a replacement for more accurate methods of H20 analysis (FTIR, SIMS, etc.), but it has the
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advantage of applicability in cases where no primary melt inclusion exist. The principle of this
method is the P-T-X-H2O relation of mineral-melt equilibrium, similar to the geohygrometers
recently developed by Armienti et al. (2013) and Gavrilenko et al. (2016). Such hygrometers can
be expressed and calibrated as function H>O = f(X™ineral Xmelt P T) in general. The difficulty in
practice is, however, to independently determine P and T of the equilibrium. In the clinopyroxene
hygrometer of Armienti et al. (2013), P and T were derived from the Putirka et al. (2003)
thermobarometry of the same clinopyroxene. However, melt compositions were not considered in
this hygrometer; it was only empirically calibrated on Etnean melt compositions. This obstructs its
application to other volcanos with different melt compositions and H2O contents. In the Ca-in-
olivine hygrometer of Gavrilenko et al. (2016), it was assumed that both P and T can be completely
accounted for by the melt MgO content, which is just a first-order approximation. This hygrometer
is potentially affected by issues such as Ca diffusion and secondary Ca fluorescence from glass,
and further investigations are needed. Different from these two hygrometers, our method employs
the melt Si activity equilibrium as an expression of H20, and use another completely independent
(i.e., clinopyroxene—melt) equilibrium system to produce P and T estimates. The P and T estimates
are not for specific Si activity equilibria, but correspond to the P—T path of magma ascending. The
accuracy of H20 content estimation by this method relies on the accuracy and consistency of the
two thermobarometers. Better calibrations, or other better volcanic thermobarometers (e.g.,
feldspar—melt, orthopyroxene—melt, two-pyroxene), may replace the thermobarometers employed

here to achieve better H2O content estimation accuracy.
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Table S1 Elemental compositions of the WEK basalts.

Sample SC1 sC2 GST1 GST2 GST3 GSTS KL1 KL2
Age 1719-1721 A.D. 0.42 Ma (Zhao et al. 2014) 0.13 Ma (Liu et al. 2001)
48°42'13.33"N 48°39'44.280" N 49°18'0.36" N
Location
126°11'35.57" E 126°16'04.462" E 125°53'56.31" E
This study

Data source

Major elements (Wt%)

SiO, 53.62 53.32 53.32 52.99 53.09 53.16 53.18 53.49
TiO, 2.31 2.34 2.37 229 228 2.31 235 230
ALOs 13.98 13.97 13.94 13.83 13.84 13.86 13.81 13.93
TFe,05" 8.14 8.21 8.61 8.57 8.63 8.63 8.22 8.13
MnO 0.10 0.11 0.10 0.10 0.11 0.11 0.11 0.11
MgO 5.94 597 6.46 6.71 6.76 6.74 5.99 597
CaO 5.05 5.10 5.45 5.62 5.61 5.63 5.12 5.04
Na:0 3.95 3.94 3.76 3.65 3.70 3.73 3.98 3.94
K20 5.49 5.55 4.94 4.73 4.72 4.75 5.55 5.46
P05 0.97 0.97 0.93 0.88 0.85 0.87 0.98 0.96
Lot -0.16 -0.06 0.18 0.22 0.22 0.10 0.84 0.04
TOTAL 99.39 99.42 100.1 99.59 99.80 99.88 100.1 99.37
K>0/Na,O 1.39 1.41 1.31 1.30 1.28 1.27 1.39 1.39
Mg# 66.7 66.7 67.4 68.3 68.3 68.2 66.7 66.9

Trace elements (ppm)

Sc

12.6 12.6 10.5 11.0 1.1 11.0 12.8 10.2
Cr

175 177 210 224 233 227 375 64
Ni

150 149 156 167 169 167 288 60
Cu

34.4 34.3 29.7 32.7 33.4 34.7 22.1 272
Zn

112 112 113 109 110 110 112 119
Rb

111 110 92.4 89.4 89.6 91.5 99.6 122
Sr

1422 1406 1655 1570 1567 1584 1596 1532
Y

21.4 21.2 17.8 17.6 17.2 17.4 23.0 21.9
Zr

469 468 321 300 302 303 398 518
Nb

65.3 64.2 66.5 63.3 63.4 64.2 66.1 72.2
Ba

1715 1696 1747 1668 1665 1683 1866 1921
La

81.5 80.9 70.4 66.8 64.5 659 96.3 91.7
Ce

154 153 134 126 122 124 179 171
Pr

17.9 17.7 15.6 14.7 14.3 145 20.8 19.8
Nd

66.2 65.7 58.4 554 54.2 550 71.0 72.6
Sm

11.0 10.9 10.0 9.63 9.40 9.47 129 12.1
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Eu

3.13
Gd
8.73
Tb
0.99
D
Y 4.98
Ho
0.794
Er
1.91
Tm
0.226
Yb
1.29
Lu
0.168
Hf
10.4
Ta
3.67
Pb
14.7
Th
6.65
U
1.50
S
<50

3.11

8.62

0.98

4.92

0.794

0.226

1.25

0.166

104

3.72

14.6

6.46

1.47

<50

3.03 2.89 287
7.73 7.48 7.31
0.884 0.856 0.833
4.33 423 4.13
0.677 0.664 0.648
1.55 1.55 1.52
0.179 0.178 0.178
1.01 0.979 0.981
0.128 0.131 0.131
6.90 6.44 6.44
3.80 3.65 3.67
11.3 10.7 10.7
6.37 6.16 6.05
1.23 1.20 1.22
70 90 70

2.90

7.45

0.844

4.19

0.656

0.176

0.969

0.128

6.49

3.76

10.6

6.05

0.992

80

3.67

10.0

1.13

5.61

0.867

2.01

0.229

1.21

0.155

89

3.73

13.9

8.16

1.64

70

3.47

9.42

1.07

5.30

0.821

1.91

0.219

1.19

0.152

11.6

425

17.6

8.80

1.86

90

2 Reported values for the reference materials are from GeoREM (http:/georem.mpch-mainz.gwdg.de/).

®Total iron as Fe2O3; Mg# = 100 x Mg*"/(Mg?>* + Fe?"), assuming Fe**/(Fe*" + Fe?") = 0.28.

(Continued)
YQl YQ3  YQ4  YQ6  YQ7  YQ8 LHSI  LHS3  LHS4 LHS6 HSS2 ~ HSSS  HSS6  HSS8  KDI KD3 KD4 KD5
Pleistocene (Zhang et al. 1995) 171971721 A.D. 0.56 Ma (Liu et al. 2001)
48°39.020' N 48°39.326'N 48°42.456'N 48°43.061'N 48°44.230'N 48°44.665'N 48°03.261'N
126°09.333' E 126°08.973' E 126°07.110'E 126°07.645' E 126°10.257'E 126°11.056'E 126°13.919'E
Chu et al. (2013)
Major elements (Wt%)

5274 5306 4971 5299  49.67 4921 5163 5173 5187 53.24 53.21 53.54  49.02 5351 5237 5268 5248 52.32
245 245 239 2.72 235 234 230 229 2.77 234 242 242 2.26 232 2.57 2.60 261 2.59
13.88 1388 1215 1439 1342 1325 1349  13.53  13.68 13.99 13.94 14.02 1298 1395 1362  13.57 1351 13.56
8.49 8.48 9.20 8.37 9.55 9.64 8.89 8.93 8.89 8.19 8.24 8.27 9.64 8.23 8.47 8.56 8.54 8.58
0.11 0.11 0.12 0.10 0.13 0.13 0.12 0.12 0.11 0.11 0.11 0.10 0.14 0.11 0.11 0.11 0.11 0.11
6.17 6.18 9.47 4.45 7.40 7.69 745 7.46 6.21 5.96 5.93 5.99 8.10 6.01 6.87 6.88 6.83 6.90
5.50 5.46 6.89 5.22 7.16 7.29 6.02 6.03 5.66 5.09 5.15 5.17 7.44 5.14 5.42 5.34 5.35 536
3.86 3.86 3.85 431 4.17 423 3.95 3.96 3.52 3.98 3.86 3.85 421 3.96 3.61 3.58 3.49 3.56
5.53 5.53 4.50 6.09 4.83 4.73 4.95 4.95 5.87 5.53 5.63 5.64 4.58 5.48 5.66 5.74 5.73 5.65
1.00 0.99 1.08 1.10 1.03 1.02 0.92 0.92 1.07 0.98 1.01 1.00 1.14 0.97 1.01 0.94 0.93 0.96
004  -0.10 002 014  -014 008 -0.18  -0.14 0.10 -0.02 -0.10 0.00 0.16 024 -004 024  -0.14 -0.08
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99.69 99.89 99.33 99.61 99.57 99.45 99.55 99.78 99.75 99.39 99.40 100.00  99.35 99.44 99.67 99.76 99.44 99.51
1.43 1.43 1.17 1.41 1.16 1.12 1.25 1.25 1.67 1.39 1.46 1.46 1.09 1.38 1.57 1.60 1.64 1.59
66.7 66.7 73.9 59.4 68.1 68.7 69.7 69.7 65.8 66.7 66.4 66.6 69.8 66.8 69.1 68.9 68.8 68.9
Trace elements (ppm)
11.7 12.3 12.1 122 122 11.7 122 12.1 13.8 14.4 14.5 14.1 129 134 132 13.0 13.1 13.1
190 194 193 187 185 186 182 181 171 265 195 218 241 242 210 214 211 209
158 161 161 159 157 155 156 156 134 207 151 164 185 185 161 162 161 163
31.8 333 32.1 325 323 319 332 33.0 30.4 38.1 352 323 35.1 36.6 41.0 382 36.0 39.1
114 118 116 116 115 109 116 114 112 122 119 120 111 111 105 108 108 107
107 111 110 111 110 110 114 112 116 92.3 100 96.6 101 101 111 109 110 108
1428 1486 1454 1470 1457 1456 1478 1447 1458 1752 1601 1641 1330 1336 1537 1583 1574 1571
21.8 22.5 22.1 222 22.1 22.0 22.1 21.7 222 26.7 242 24.4 21.1 213 21.0 19.8 19.7 20.0
524 533 530 533 529 529 521 511 518 391 389 382 415 418 491 496 495 491
66.6 69.0 68.0 68.1 68.1 68.0 67.3 66.0 68.9 72.0 70.6 71.5 64.3 64.3 65.6 66.6 66.7 66.6
1575 1628 1586 1616 1607 1613 1702 1675 1893 1835 1822 1842 1591 1596 1915 1941 1936 1941
84.5 87.5 85.7 86.3 85.8 86.4 85.9 84.5 84.0 104 91.6 93.1 75.5 76.1 84.8 78.8 78.2 80.0
160 166 162 163 163 162 163 161 160 193 171 174 143 144 160 148 148 152
18.5 19.1 18.7 18.8 18.7 18.7 18.9 18.4 18.5 223 19.8 20.1 16.5 16.7 18.4 17.2 17.2 17.6
67.7 70.0 68.6 69.3 69.2 69.3 69.8 68.6 68.0 83.2 74.0 75.1 61.7 62.7 67.6 63.2 63.3 64.5
11.2 11.6 11.3 11.5 11.5 11.4 11.6 11.4 11.2 13.9 12.5 12.8 10.6 10.7 11.1 10.2 10.3 10.5
3.18 328 321 323 321 322 327 321 3.19 3.98 3.66 3.71 3.05 3.08 321 3.10 3.11 312
8.87 9.14 8.86 8.93 8.92 891 9.05 8.77 8.82 11.1 10.0 10.3 843 8.56 8.64 8.11 8.14 827
1.01 1.03 1.01 1.02 1.03 1.02 1.03 1.00 0.99 1.25 1.15 1.17 0.98 0.99 0.97 0.906 0.911 0.93
5.14 5.28 522 5.24 5.17 5.19 522 5.06 5.08 6.35 5.74 5.88 4.96 4.98 4.85 4.57 4.58 4.65
0.818 0.843 0.831 0.828 0.831 0.829 0.829 0.815 0.817 1.001 0.913 0.926 0.801 0.812 0.783 0.741 0.746 0.759
1.97 2.03 1.99 1.97 1.97 1.96 1.98 1.92 1.95 233 2.12 2.14 1.89 1.90 1.89 1.77 1.77 1.82
0.232 0.244 0.236 0.237 0.236 0.240 0.236 0.228 0.231 0.269 0.248 0.250 0.225 0.224 0.227 0213 0.217 0.217
1.31 1.34 1.31 1.31 1.32 1.33 1.29 1.29 1.30 1.46 1.34 1.34 1.24 1.28 1.29 1.22 1.25 1.26
0.174 0.180 0.174 0.175 0.171 0.179 0.173 0.171 0.176 0.198 0.180 0.179 0.170 0.172 0.176 0.164 0.169 0.170
11.6 11.8 11.7 11.8 11.6 11.7 11.6 11.3 11.4 8.5 8.5 8.40 9.2 9.4 10.8 10.7 10.9 10.9
3.57 3.60 3.58 3.67 3.74 3.83 3.88 3.99 3.81 3.87 3.99 4.07 3.95 4.03 3.80 3.85 3.95 397
16.4 17.5 16.5 16.4 16.2 16.6 16.1 15.8 16.2 14.3 13.6 13.8 135 139 15.1 15.1 15.6 15.0
745 7.64 747 742 737 731 6.97 6.82 6.10 9.26 8.77 8.93 737 7.44 6.35 6.23 6.23 6.14
1.63 1.67 1.65 1.61 1.59 1.60 1.55 1.50 1.34 1.85 1.78 1.79 1.59 1.58 1.27 1.28 1.23 133
60 50 <50 50 <50 70 50 50 60 140 70 80 90 70 70 70 50 80
(Continued)

GSR-3 Measured

GSR-3 Reported*

BCR-2 Measured

BCR-2 Reported*

BHVO-2 Measured

BHVO-2 Reported*
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Major elements (wt%)

44.58 44.64
2.35 2.36

13.78 13.83
13.39 13.40
0.17 0.17

7.72 7.77

8.78 8.81

3.23 3.38

2.31 232

0.96 0.95

228 224
99.55

Trace elements (ppm)

353 33 333 32
16.7 18 307 280
12.1 18 121 119
217 21 135 127
145 127 112 103
49.8 46.9 9.68 9.11
352 340 410 396
33.6 37 243 26
195 184 178 172
129 12.6 19.2 18.1
678 677 132 131
25.7 249 15.7 152
55.8 529 39.7 375
6.92 6.7 545 5.35
29.5 287 253 245
6.72 6.58 6.25 6.07
2.03 1.96 2.14 2.07
7.08 6.75 6.53 6.24
111 1.07 1 0.92
6.58 6.41 5.46 5.31
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1.36 1.28 1.03 0.98

3.78 3.66 2.61 2.54
0.528 0.54 0.335 0.33
3.45 338 2.06 2
0.521 0.503 0.288 0.274
5.48 49 4.96 4.36
1.03 0.74 1.56 1.4
10.2 11 1.45 1.6
6.17 5.7 1.29 1.22
1.77 1.69 0.447 0.403

Notes:

? Reported values for the reference materials are from GeoREM (http:/georem.mpch-mainz.gwdg.de/).

b Total iron as Fe203; Mg# = 100 x Mg?"/(Mg?* + Fe?"), assuming Fe**/(Fe*" + Fe*") = 0.28.

American Mineralogist: February 2020 Deposit AM-20-27137



Table S2 Rb—Sr, Sm—Nd isotopic compositions of the WEK basalts.

Sample Data source Rb (ppm) Sr (ppm) STRb/*Sr ¥Sr/5°Sr 20 Sm (ppm) Nd (ppm) 'Sm/'“Nd SN/ Nd 20 ena(0)
scl 104.1 1403 0.2148 0.705367 0.000007 10.85 66.12 0.0993 0.512391 0.000005 48
sc2 105.4 1404 0.2172 0.705386 0.000007 10.81 65.85 0.0992 0.512408 0.000009 4.5

GST1 87.67 1656 0.1532 0.705104 0.000014 9.78 58.44 0.1012 0.512404 0.000005 4.6

GST2 85.59 1579 0.1568 0.705085 0.000011 9.43 55.72 0.1024 0.512435 0.000004 4.0

This study

GST3 85.60 1572 0.1575 0.705028 0.000007 9.18 54.03 0.1027 0.512412 0.000005 44

GSTS 86.33 1589 0.1571 0.705057 0.000007 9.33 54.98 0.1026 0.512434 0.000005 —4.0
KLI 93.95 1590 0.1709 0.705203 0.000012 12.50 76.40 0.0990 0.512425 0.000010 4.2
KL2 114.7 1516 0.2188 0.705459 0.000010 11.74 71.74 0.0989 0.512418 0.000007 4.3
YQI 103.9 1429 0.2104 0.705371 0.000012 11.09 68.03 0.0986 0.512408 0.000008 4.5
YQ3 1045 1445 0.2091 0.705412 0.000008 11.16 68.52 0.0985 0.512414 0.000005 44
YQ4 103.8 1438 0.2089 0.705370 0.000008 1115 68.44 0.0985 0.512429 0.000008 4.1
YQ6 1053 1447 0.2105 0.705383 0.000011 11.20 68.85 0.0984 0.512428 0.000005 4.1
YQ7 105.6 1449 0.2108 0.705439 0.000012 11.20 68.80 0.0984 0.512423 0.000005 4.2
YQ$ 105.4 1448 0.2104 0.705420 0.000012 11.20 68.87 0.0984 0.512439 0.000004 -39

LHSI 105.8 1441 0.2124 0.705410 0.000008 1113 68.50 0.0983 0.512407 0.000005 4.5
LHS3 106.3 1438 0.2137 0.705414 0.000014 1111 68.23 0.0985 0.512399 0.000006 4.7
LHS4 1117 1448 0.2231 0.705579 0.000008 11.00 68.06 0.0977 0.512400 0.000005 4.6
LHS6 Chuetal. 87.73 1733 0.1464 0.705133 0.000010 13.66 82.66 0.0999 0.512464 0.000004 34
(2013)

LHS6 88.01 1733 0.1469 0.705151 0.000007 13.64 82.54 0.1000 0.512453 0.000005 -3.6
HSS2 93.86 1567 0.1732 0.705184 0.000008 12.06 72.08 0.1012 0.512474 0.000005 32
HSS2 93.73 1564 0.1733 0.705133 0.000008 12.06 72.06 0.1012 0.512461 0.000006 -35
HSSS 91.90 1626 0.1634 0.705130 0.000008 12.46 7445 0.1012 0.512453 0.000006 -3.6
HSS6 94.75 1330 0.2061 0.705273 0.000008 10.33 61.65 0.1013 0.512432 0.000004 4.0
HSS8 95.17 1297 0.2123 0.705241 0.000012 10.38 61.68 0.1017 0.512418 0.000004 43
KDI 106.1 1541 0.1992 0.705589 0.000008 10.84 67.91 0.0966 0.512362 0.000005 -54
KD3 1029 1581 0.1883 0.705657 0.000011 10.21 63.58 0.0971 0.512342 0.000007 -5.8
KD4 105.1 1581 0.1923 0.705637 0.000010 10.18 6335 0.0972 0.512344 0.000006 -5.7
KD5 103.5 1574 0.1901 0.705626 0.000007 10.36 64.58 0.0970 0.512347 0.000006 -5.7

46.9 340.2 0.398 0.705010 0.000011 6.563 28.68 0.1384 0.512664 0.000005

BCR-2 Measured
46.9 340 0.705000 6.58 28.7 0.512636
BCR-2 Reported”
9.13 395.8 0.0667 0.703491 0.000007 6.081 24.52 0.1500 0.513002
BHVO-2 Measured 0.000010
9.11 396 0.703469 6.07 245 0.512980

BHVO-2 Reported®

Notes:

2 e¢nd(0) values were calculated using (M*Nd/"*Nd)crur(0) = 0.512638.

b Reported values for the reference materials are from GeoREM (http://georem.mpch-mainz.gwdg.de/).
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Table S3 Clinopyroxene compositions of the WEK basalts.

Analyze Spot Type' SiO: TiO: ALO; Cn0s FeO® NiO MnO MgO Ca0 Na:;0 K:0 Mg P (kbar)* T(C)
YQ6-3.6 pe 49.62 225 348 0.16 6.87 0.00 0.13 14.63 21.90 0.61 0.04 79.1 2.0 1051
YQ6-3.7 pr 49.74 2.09 3.61 0.22 6.92 0.00 0.12 13.69 2217 0.54 0.04 77.9 9.3 1104
YQ6-2.1 gm 50.46 1.81 2.69 0.17 7.13 0.00 0.09 14.66 21.61 047 0.03 78.6 4.5 1069
YQ6-2.2 pc 51.58 1.56 2.08 0.15 732 0.10 0.20 15.88 20.81 034 0.03 79.5 - -
YQ6-2.3 pr 4931 234 3.50 033 7.07 0.00 0.14 14.41 21.49 048 0.07 78.4 2.9 1059
YQ6-1.1 gm 48.97 241 3.81 0.28 6.82 0.09 0.15 13.57 22.86 0.45 0.04 78.0 42 1064
YQ6-1.2 gm 51.99 1.14 230 0.72 4.74 0.02 0.12 15.60 21.92 0.53 0.02 85.4 9.3 1104
HSS2-1.1 pe 52.36 0.96 1.77 0.46 4.88 0.07 0.07 15.88 22.83 0.46 0.04 85.3 6.2 1098
HSS2-12 pr 52.00 1.04 1.56 0.58 4.87 0.04 0.10 16.02 2251 039 0.00 85.4
HSS2-1.3 pc 5243 0.97 1.67 0.47 4.89 0.02 0.14 15.88 22.53 038 0.00 85.3 75 1108
HSS2-1.4 pr 51.03 1.48 2.84 0.93 5.13 0.00 0.11 15.18 22.75 051 0.05 84.1 6.6 1103
HSS2-1.5 pc 52.37 1.06 1.88 0.23 5.23 0.02 0.17 15.78 2235 0.48 0.01 84.3 9.1 1121
HSS$2-1.6 pr 49.94 1.82 335 043 6.07 0.08 0.13 1433 22.56 045 0.01 80.8 9.5 1125
HSS$2-1.7 pc 52.67 1.00 1.62 0.56 471 0.09 0.12 16.02 22.57 0.46 0.01 85.8 6.5 1101
HSS$2-1.8 pr 50.86 115 255 0.87 5.04 0.01 0.07 15.28 2281 0.64 0.01 84.4 42 1084
HSS$2-1.9 pc 50.53 141 3.10 033 5.78 0.04 0.10 14.92 2236 0.47 0.00 82.1 109 1136

HSS2-1.10 pr 5118 1.49 277 0.57 535 0.09 0.10 15.04 2251 0.46 0.02 83.4 10.0 1129
HSS$2-2.1 pe 52.89 1.03 175 0.34 529 0.00 0.08 15.99 22.50 0.41 0.01 84.3 8.4 1116
HSS$2-22 pr 51.61 147 273 0.76 529 0.05 0.06 15.04 23.19 0.42 0.02 83.5 83 1115
HSS$2-2.3 pc 52.10 L13 2.08 0.28 553 0.02 0.11 16.05 21.78 038 0.01 83.8 9.3 1124
HSS2-2.4 pr 49.92 2.00 3.57 0.25 6.15 0.04 0.13 14.67 22.62 0.46 0.03 81.0 82 1115
HSS2-2.5 pc 49.30 241 3.99 0.28 6.43 0.00 0.13 14.09 22.89 0.43 0.00 79.6 75 1110
HSS2-2.6 pr 49.67 2.20 3.62 0.63 6.19 0.02 0.09 14.28 2235 0.52 0.03 80.4 7.8 1114
HSS$2-3.1 pc 52.30 0.96 1.62 043 4.96 0.05 0.07 16.00 2241 0.4 0.00 85.2 6.0 1097
HSS$2-3.2 pr 50.97 1.99 3.40 0.61 577 0.02 0.08 14.61 22.02 053 0.05 81.9 122 1149
HSS$2-3.3 pc 51.39 1.46 232 0.12 6.19 0.00 0.13 15.28 22.02 0.40 0.02 815 8.1 1115
HSS2-3.4 pr 46.70 2.90 5.88 0.07 8.27 0.02 0.13 12.81 22.57 0.60 0.06 734 - -
HSS2-3.5 pc 52.05 L5 1.78 0.16 5.76 0.02 0.15 16.08 21.97 0.40 0.00 83.3 37 1081
HSS2-3.6 pr 51.67 1.52 3.01 0.71 5.26 0.09 0.11 15.41 21.83 0.51 0.02 83.9 123 1149
HSS5-3.1 pe 52.94 1.08 2.14 0.13 5.57 0.08 0.14 1525 22.82 039 0.01 83.0 11.6 1140
HSS5-3.2 pr 5171 1.52 313 0.64 5.54 0.02 0.13 15.56 21.61 0.47 0.01 83.4 127 1154
HSS5-3.3 pc 52.51 115 1.92 0.12 5.69 0.01 0.12 15.84 22.16 037 0.00 83.2 9.5 1125
HSS5-3.4 pr 50.18 1.99 3.88 0.71 5.96 0.07 0.12 14.67 2248 048 0.03 81.4 103 1134
HSS5-3.5 pc 49.91 2.20 411 0.52 6.34 0.01 0.11 14.43 2233 0.51 0.02 80.2 11.0 1140
HSS5-3.6 pr 48.80 2.50 338 0.04 7.63 0.00 0.1 13.60 22.86 0.60 0.05 76.1 - -
HSS5-3.7 pc 50.87 1.83 3.64 0.19 6.50 0.07 0.13 1529 20.94 0.54 0.02 80.7 135 1162
HSS5-3.8 pr 53.00 0.97 1.68 0.39 513 0.05 0.08 1639 22.56 032 0.00 85.1 6.3 1101
HSS5-2.1 pc 52.68 123 1.96 0.02 5.93 0.05 0.13 15.84 2227 0.47 0.00 82.6 8.8 1120
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YQ8-CPXM-6 gm 49.91 1.64 251 0.25 7.20 0.06 0.20 15.39 21.10 0.32 0.06 79.2 - -

YQ8-CPXM-7 gm 50.89 1.73 2.19 0.01 7.19 0.05 0.12 14.88 22.08 0.43 0.05 78.7 - -

Notes:
& “pr” denotes phenocryst rim; “pc” denotes phenocryst core; “gm” denotes groundmass
clinopyroxene.

® Total iron as FeO.

¢ Mg# = 100xMg/(Mg+Fe?"), where Mg and Fe?* are cation molar fractions. Fe*" proportion is set
to be 100%.

d Temperatures and pressures are calculated using the thermobarometer of Putirka et al. (2003);

represents no valid P-T result.
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Figure S1. Total alkali vs. SiO2 content (TAS)
diagram for the Wudalianchi, Erkeshan, and
Keluo potassic volcanic rocks. Rock classifi-
cation is after Le Bas et al. (1986). Data
sources: Zhang (1992), Zhang et al. (1995),
Chu et al. (2013), and this study. Our 26 sam-
ples are marked in red.
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Figure S2
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Figure S2. Whole-rock (a) CaO vs. MgO and (b)
Al20s vs. MgO content diagrams for the Wuda-
lianchi, Erkeshan, and Keluo potassic basalts, and
other Cenozoic Na-rich basalts from NE China.
Data sources: Zhang (1992), Zhang et al. (1995),
Basu et al. (1991), Liu et al. (1994), Zou et al.
(2003), Chen et al. (2007), Yan and Zhao (2008),
and Chu et al. (2013) and this study. Our 26 sam-
ples are marked in red.
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Figure S3. (a) CI Chondrite-normalized rare earth
element diagram and (b) primitive-mantle-normal-
ized trace element diagram for the WEK potassic
basalts and other Na-rich Cenozoic basalts from NE
China. The field of Cenozoic Na-rich basalts from
the North China Craton (NCC) is also shown. Data
sources: CI chondrite, primitive mantle, and OIB
from Sun and McDonough (1989); NE China from
Chen et al. (2015); WEK from Chu et al. (2013) and
this study; NCC from Xu et al. (2005, 2012), Tang et
al. (2006), and Sakuyama et al. (2013). The
elements in (b) are in order of increased incompati-
bility, after Sun and McDonough (1989).
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Figure S4
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Figure S4. Sr-Nd isotope diagram for the WEK
potassic basalt and other Cenozoic Na-rich basalts
from NE China and the North China Craton
(NCCO). OIB, BSE, EM1, and EM2 data are from
Zindler and Hart (1986). Data sources for NE
China and the NCC are the same as Fig. S3. Data
for WEK are from Chu et al. (2013), Sun et al.
(2014), and the present study.
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Figure S5. Flow chart of the water content estimation method used in this study. The calculation steps in the
gray field (i.e., b and c) correspond to the Python program provided in Appendix C. Elements in blue are the
required input for the program; elements in red are the output of the program. BOA, buffer overlapping area.
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