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Abstract

The Canada Basin (CB) is the largest sub-basin in the Arctic, with the deepest abyssal plain of 3 850 m. The
double-diffusive process is the possible passage through which the geothermal energy affects the above isolated
deep waters. With the temperature-salinity-pressure observations in 2003, 500-m-thick transition layers and lower
1 000-m-thick bottom homogenous layers were found below 2 400 m in the central deep CB. Staircases with
downward-increasing temperature and salinity are prominent in the transition layers, suggesting the double-
diffusive convection in deep CB. The interface of the stairs is about 10 m thick with 0.001-0.002°C temperature
difference, while the thicknesses of the homogenous layers in the steps decrease upward from about 60 to 20 m.
The density ratio in the deep central CB is generally smaller than 2, indicating stronger double-diffusive
convection than that in the upper ocean of 200-400 m. The heat flux through the deepest staircases in the deep CB
varies between 0.014 and 0.031 W/m?, which is one-two orders smaller than the upper double-diffusive heat flux,

but comparable to the estimates of geothermal heat flux.
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1 Introduction

Diapycnal mixing is the critical factor of the oceanic meridi-
onal circulation, where differential diffusion of heat and salt
plays an important role in both the properties of water masses
and global conveyor belt (for instance, Gargett and Ferron, 1996;
Munk and Wunsch, 1998). As is recognized, diapycnal mixing in
the abyssal ocean is generally formed by two mechanisms: the
turbulent mixing induced by breaking of internal waves, or the
double diffusion due to the instable vertical structure(s) of tem-
perature and/or salinity in the stably stratified ocean, and the lat-
ter one is further classified as salt fingering and double-diffusive
convection. Schmitt et al. (2005) suggested that salt fingering in-
tensified the diapycnal mixing, while the thermal and saline dif-
fusivities were both larger than those of turbulent mixing ob-
served in abyssal ocean. The study of double diffusion is thus im-
portant to further understanding of oceanic mixing, transporta-
tions of heat, mass and momentum, and to the development of
numerical models of ocean circulation (Ruddick and Gargett,
2003).

The unique vertical structures of temperature and salinity at
high latitudes suggested the presence of double-diffusive pro-
cesses there. As a matter of fact, the double diffusion in the Arctic
Ocean (AO) has been supported by various observations and
analyses (Neal et al., 1969; Neshyba et al., 1971; Padman and Dil-
lion, 1987, 1989; Timmermans et al., 2003, 2008; Cao and Zhao,
2011; Zhao and Zhao, 2011; Lique et al., 2014). In 1969, Neal et al.
already found strong layering structures suggestive double-dif-
fusive convection in abyssal AO. It was supposed to be the major

attribution of the thermocline intrusions in the AO (May and Kel-
ley, 2002), which was responsible for the climate changes of the
arctic in recent decades (Carmack et al., 1997, 2012). Moreover,
due to the possible effect in the formation of the northern water
masses, the double-diffusive convection might be an important
factor of the global climate system.

As the largest sub-basin in the AO, the Canada basin (CB)
with the deepest abyssal plain of 3 850 m has the largest volume
among those in the AO, and possibly contains the oldest deep
water. According to the estimation of “C, deep water in the CB
(below 2 200 m) is about 450 years old (Schlosser et al., 1997).
This specific basin is laterally separated by the Lomonosov Ridge
and the Alpha-Mendeleyev Ridge (MR) from the ocean, further
isolated by vertical stratifications, thus direct ventilation is con-
sequently not possible in this area (Macdonald et al., 1993). The
variations of the water masses properties in the deep basin were
assumed to be the result of abyssal fluxes from bottom (such as
geothermal energy), where the double-diffusive processes are the
possible passage through which the heat flux affects the above
water masses (Timmermans et al., 2003).

Double-diffusive staircase structures have been observed in
the upper boundary of the warm Atlantic water in the CB (such as
Neal et al., 1969; Padman and Dillion, 1989; Timmermans et al.,
2008), with step thicknesses around 1-10 m, temperature differ-
ences of 0.004-0.026°C between adjacent layers and vertical heat
flux of 0.05-0.30 W/m?2. Zhao and Zhao (2011) analyzed the distri-
bution of double-diffusive staircase structure in the upper CB,
and suggested that the striking staircases generally spread
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through the depth range of 100-500 m over the Mendeleyev
Ridge. Nevertheless, double-diffusive processes in the deep basin
were seldom studied. In this paper, the double diffusion in the
abyssal CB was analyzed using the CTD casts measured during
the second Chinese Arctic expedition of R/V Xue Long in 2003.
The data and method are described in Section 2. The properties
of temperature-salinity profiles and 8-S curves are detailed in
Section 3, followed in Section 4 by quantifying the strengths of
staircase structures induced by double-diffusive convection and
the estimations of consequent heat flux. Differences between up-
per and abyssal double-diffusive structures are compared in Sec-
tion 5, the results are discussed in Section 6 and Section 7 is the
summary.

2 Data

In the second Chinese Arctic Expedition carried out by R/V
Xue Long during July 23 to September 13 in 2003, temperature (T)
and salinity (S) were measured at various stations inner and
nearby the CB with MARKIII CTD produced by the Neil Brown
Ocean Sensors Incorporated (NBOSI). The resolutions of temper-
ature, salinity and depth are 0.000 5°C, 0.001 and 0.1 m respect-
ively. Two representative sections are analyzed in this study: one
is over the Chukchi plateau near the MR (Section M) and the oth-
er is in the abyssal central basin (Section B). Locations of these
stations are listed by black dots in Fig. 1. The data used here were
conventionally processed and averaged into 1-m intervals prior
to further processing. Then the potential temperature (6) were
computed referring to 0x104 Pa; outliers of # and S were ex-
cluded and then they were movingly smoothed with 3-m interval.

3 Properties of water masses in the Canada Basin

3.1 Alongvertical sections

As shown in Fig. 2, the potential temperature and salinity pro-
files at different stations have similar vertical structures. The tem-
perature has uniformly low values in the upper 30 m near sea
surface; a sub-surface thin warm layer appears at around 50-100
m, and then the temperature decreases to the minima below
-1.5°C at around 150 m; higher temperature is found through
200-1 500 m with the maxima more than 0.6°C at around 400 m,

77.50

and then decreases again to a minimum of -0.53°C at around 1
800/2 400 m upon the warmer mixed waters near the bottom.
The vertical structure of salinity is relatively simple: 0-30 m, the
fresh mixed layer; 30-400 m, the halocline where salinity in-
creases significantly with depth, with larger gradient between 30
and 200 m and smaller one through 200-400 m; and increases
with little gradient below 400 m till the homogenous waters near
the bottom.

The horizontal distributions of the potential temperature and
salinity are also clear in Fig. 2. The major meridional variation of
temperature concentrates in the shallow layer above 200 m,
where it increases from the north to south and the thickness of
mixed layer decreases simultaneously, especially to Stas S25 and
§24 south of 75°N along Section B. The depth of the warm sub-
surface layer also varies with locations: it is shallower at Stas M06
and M07 than that in the northern part, companied with shallow-
er warm cores. Comparing to Section M over the Chukchi plat-
eau, the surface mixed layer is thicker for Section B in the central
basin, with lower temperature for the warm core at around 400 m
depth. Furthermore, cold water is found between 1 800-2 000 m
in Section M but much deeper at 2 300-2 500 m in Section B. The
salinity is relatively uniformly distributed along these meridional
sections, except the change in the surface mixed layer, where the
salinity increases from north to south along Section B, but is op-
posite for Section M. The surface water is also fresher along Sec-
tion B.

3.2 0-S diagram

The 0-S diagram is remarkably useful in recognition and ana-
lysis of water masses. According to the 6-S diagrams shown in
Fig. 3 and the previous vertical structures of temperature and sa-
linity in Fig. 2, four distinctive water masses are recognized from
top to bottom in the CB: a relatively cold and fresh water above
30 m, with temperature generally lower than -1.0°C and salinity
smaller than 29, diluted by surrounding rivers and melting sea
ices of Atlantic and Pacific Ocean (Smethie et al., 1999); a sub-
surface water between 30 and 200 m, located in the halocline
with great salinity gradient (0.03 m!) and characterized by its
unique thermal features with temperature maxima at 50-100 m,
which is possibly due to the summer inflow through the Bering

Canada

Basin

155.0°

145.0°

150.0°

Fig. 1. The topography (contour lines) and station locations (black dots) in the Canada Basin.
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Fig. 2. Vertical structures of potential temperature 6 (a, b) and salinity S (¢, d) along two Sections B and M.

strait (Aagaard et al., 1981), and the low temperature at 150 m
may be the residue of cold core formed in winters (Zhao et al.,
2003); a relatively warm saline mid-depth water through 200-
1 500 m, also called the Atlantic Intermediate Water, of which the
temperature and salinity increase with smaller gradient (0.006
m-! in salinity) within depths of 200-400 m featured as the lower
halocline. This mid-depth water is originated from the warm, sa-
line and dense Atlantic water (Aagaard et al., 1985; Carmack et
al., 1995). The fourth one is a relatively well-mixed saline deep
water, which extends from 1 500 m to the bottom with mean tem-
perature of -0.5°C and salinity around 34.95.

The double-diffusive processes are usually related to the fea-
tures of large scale water masses. According to profiles along two
sections and 6-S diagrams in Fig. 3, temperature and salinity in-
crease simultaneously within 200-400 m. The spreading of cold
fresh water over warm saline water suggests the possible exist-
ence of double-diffusive convection, as is reported of the stair-
case structures in this upper layer by former researchers (e.g.,
Zhao and Zhao, 2011). When focus on the deep layer, we notice
an upturn below 1 500 m in the 8-S diagram, where temperature
decreases with depth to the minima and then increases again. Al-
ternatively, if we choose 2 000 x10* Pa or 3 000 x10* Pa as the ref-

erence level of potential temperature ¢, the upturn is still present
(not shown in this paper). Zooming in the deep part of 6-S dia-
gram to Fig. 4, we can see that the potential temperature de-
creases first and then increases with salinity in the bottom water,
which indicates the existence of a layer of temperature minima.
For Section B in the deep basin, the minima are -0.524--0.525°C
at salinity of 34.951-34.955; for section M over the Chukchi plat-
eau, the minima of # are -0.535--0.545°C at salinity of
34.935-34.945. Below the minimum-temperature layer, ¢ in-
creases with the increase of salinity downward. The vertical
structure of such cold fresh water over warm saline water
provides the prerequisite of the double-diffusive convection. One
can also see the lump dots for Section B, indicating the homogen-
ous temperature and salinity of the mixed layer in the staircases
of double diffusion.

4 Features of double-diffusive convection in the deep CB

4.1 Staircase characteristics

The double-diffusive processes are generally represented by
regular staircase structures of temperature and salinity, that is to
say, well mixed layers separated by thin interfaces (Turner, 1968,
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1973). The vertical profiles of 6 and S at stations below 1 500 m
along the sections are illustrated in Fig. 5. It is shown that along
Section M near the MR, potential temperatures reach the min-
ima of -0.535--0.543°C at 1 800-1 900 m at Stas M02, M03 and
MO04, and then increase to -0.51°C downward as salinity increas-
ing monotonically with depth. The gradient of salinity at Sta. M04
is apparently larger than those at Stas M02 and M03 in the north.
Along Section B in the central basin, the potential temperature
reaches its minima of -0.526°C at around 2 450 m (the depth of
MR is 2 400 m), increases with depth and reaches its maxima of
-0.519°C at around 2 950 m, and remains nearly constant from
around 3 000 m to the bottom. The salinity increases monotonic-
ally with depth above 2 950 m, and then remains constant of
34.955 to the bottom. The layer where potential temperature in-

for deep water, amplified from Fig. 3.

creases with depth is named as the transition layer and the layer
below 3 000 m with homogeneous /S as the bottom mixed layer.
The transition layers and bottom mixed layers are widespread in
the deep central CB (Timmermans et al., 2003). Here we choose
the layers between the depths of # minima and the top of homo-
geneous bottom layers as the transition layers, which have an av-
erage thickness of around 500 m, and the thickness of homogen-
eous bottom layer (bottom mixed layer) is up to 1 000 m. Distinct
staircase structures of temperature induced by the double-diffus-
ive convection can be found in transition layers, especially at
depths close to the bottom layer. However, the bottom mixed lay-
er is not clear along Section M, and the staircase structures there
are also weaker than those along Section B.

The detailed structures of the temperature staircases in trans-
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ition layers along Section B are illustrated in Fig. 6. Compared to
the double-diffusive staircases over the Chukchi plateau along
Section M, those in the deep CB are more regularly shaped, with
thicker mixed layer and interfaces but less stairs. Specific to
single profile, the staircase structure is most clear near the bot-
tom, and the thickness of mixed layers decreases upward, from
around 50 to 20 m, while the thickness of interfaces remains con-
stant of around 10 m. The upper boundary of the bottom mixed
layer gets deeper from north (2 924 m at Sta. B33) to south (3 060
m at Sta. B13), and the number of regular steps decreases with
the thinning of the bottom mixed layer. The details of the stair-
case structure are listed in Table 1.

4.2 Strengths of the double-diffusive convection

It was suggested by Turner (1973) that the strength of double
diffusion could be represented by the density ratio R, (also called
the temperature and salinity gradient ratio, or the coefficient of

stabilization). For double-diffusive convection, it is defined as
R,=fS;/ ab;, where o = —p ' (Op/ OT) is the thermal expan-
sion coefficient, 5= p~! (9p/ 8S) the saline contraction coeffi-
cient, and S; = 9§/ 0z, 0, = 00/ 9z the vertical gradients of salin-
ity and temperature, p the density. When 1<R <10 the double-dif-
fusive convection offers great potential and when R >1 the
strength of double-diffusive convection reaches its maximum
(Kelley et al., 2003). R, values of deep staircases along Section B
are listed in Table 1. The values are in the range of 1.4-2.4 of
which most are less than 2 in the deep CB, indicating the consid-
erable probability of strong double-diffusive convection.

4.3 Heat flux

Many parameterizations of heat fluxes across double-diffus-
ive interfaces in oceanic situation have been derived from labor-
atory experiments combined with theoretical analyses, and vari-
ous formulations lead to similar results (Kelley et al., 2003; Tim-

Table 1. Characteristics of the deep staircase structure induced by double-diffusive convection along Section B

Station Ohyl/m Shyhy/m Ohyhy/m  86,/°C 86,/°C  86,/°C R, R, R, Fu/Wm2F, /Wm2Fj, /W-m?
B13 15,75 20, 55 0.001 0.001 1.72 1.62 0.016 0.019
B23 8,50 15,56 8,21 0002 0001  0.001 1.90 2.30 2.39 0014  0.006  0.003
B33 10,54 15,56 8,20 0002 0001  0.001 1.42 2.17 1.95 0031  0.009  0.006

Notes: oh, is the thickness of the interface between the bottom layer and the first (deepest) mixed layer (of thickness h1), dh, and Jh, are
the thicknesses of the following interfaces upward, and h,, h, the thicknesses of the second and third mixed layers respectively; 66, the changes of
potential temperature of the corresponding interfaces and similarly for the density ratio R ,,,, F,,, the heat fluxes transferred through corresponding

interfaces, the calculation of which is explained in Section 4.3.

mermans et al., 2003). Here we use the formulation suggested by
Kelley (1990) to estimate the heat flux across double-diffusive in-
terfaces in the CB:

0.72 1/3
Fy = —0.0032e*8/%"7) <%g“) (50)** (1

r

here P,=v/kis the Prandtl number, v=1.89x10-® m?/s the kinemat-
ic viscosity, k=1.28x10-7 m?/s the thermal diffusivity, and g=9.8
m/s2.

As is shown in Fig. 6, we choose the interface between the ho-
mogeneous bottom layer (of thickness &) and the nearest mixed
layer (of thickness h,) as the first interface (of thickness Jh,), and
the following interfaces upward as the second and third inter-
faces. Corresponding heat fluxes of deep double-diffusive con-
vection across these interfaces are indicated by Fy,,. As listed in
Table 1, the heat fluxes through the deepest interfaces are in or-
der of O(10-2) W/m?, with the maximum value of 0.031 W/m? at
Sta. B33 in the central basin, consistent with the geothermal heat
flux in the CB of 0.04-0.06 (Langseth et al., 1990), and smaller val-
ues of 0.014 and 0.016 W/m? at Stas B23 and B13 in the southern
CB. The heat fluxes seem to decrease in the upward staircases,
and the minimum value of 0.003 W/m? appears at Sta. B23. The
magnitudes of heat flux of each interface are summarized in Ta-
ble 1.

5 Differences between deep and upper double-diffusive con-
vection characteristics
Between 200 and 450 m in the upper basin, temperature and
salinity increase monotonically with depth due to the existence of
the warm saline Atlantic Intermediate Water, where staircase
structures also presents, suggesting the double-diffusive convec-

tion (Fig. 7). Along Section M over the Chukchi plateau, we find
regular staircase structures of § and S between 280 and 380 m at
Stas M02, M03 and M04 (in the north), weak and irregular stair-
cases at Sta. M05, and these steps disappear at Stas M06 and M07
in the shallow coastal area in the south. For Section B, staircase
structure of salinity is not found either inner the deep basin (of
water depth larger than 3 500 m) or in the south margin adjacent
to the Chukchi Sea, and the temperature profiles show more in-
terleaving structure rather than staircase.

Taking Sta. M03 as an example (Fig. 8), we can see steep regu-
lar staircases exist between 270 and 350 m, while stairs are not
well-formed below 350 m since temperature reaches its maxim-
um at around 400 m and then decreases with the increase of sa-
linity. The stairs become quite thin in the upper 250-270 m,
where the mixed-layer thicknesses are only 1 m, comparable to
the instrument resolution. No obvious stairs are found above 250
m. For the layer from 270 to 350 m with striking staircase struc-
ture, mixed-layer thicknesses &, vary between 13 and 22 m, while
interface thicknesses between 6 and 11 m. The staircase struc-
tures at Stas M02, M04 and MO05 are similar to Stas M03, though
differences exist in depth, thickness and number of staircases
and the sequences of the thicknesses. No stairs are found at Stas
MO06 and M07 close to the Chukchi Sea. The detailed quantitative
properties of the staircases at each station are estimated and
shown in Table 2.

Comparing the double-diffusive convections in the upper and
deep layers, we find that the mixed layer of staircases in the deep
CB is about 2-3 times thicker, the density ratios are 1 value smal-
ler, and the heat fluxes are 1-2 orders weaker. The mechanic mix-
ing may enhance the mixed layer of the staircases in the deep CB
as the density ratio there are generally smaller than 2 (Timmer-
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Fig. 7. Staircase structures of temperature and salinity in upper layer. Solid lines: potential temperature; dash lines: salinity.

mans et al., 2003), while the density ratios in the upper ocean is
mostly over 3.

6 Discussion

The double-diffusive convection in the upper CB has been fo-
cused by previous studies (e.g., Padman and Dillon, 1989). Re-
cently, based on the CTD data of the third Chinese Arctic Expedi-
tion in 2008, Zhao and Zhao (2011) found striking double-diffus-
ive staircases with interface thickness of 1-5 m at 300-400 m
depth over the MR, and no obvious staircases were found in the
southern part of the central basin, while double-diffusive stair-
cases were found at 200-300 m depth in the northern part of the
basin by Timmermans et al. (2008). The presence of staircases in
the upper layer over the MR and the absence of staircases in the
southern CB in this study based on MarkIII CTD data are consist-
ent with Zhao and Zhao (2011)’s results using SBE911 Plus CTD.

In the deep CB, due to the upward diffusion of geothermal
heat, the decreasing temperature turns to increase downward be-
low the depth reaching minima as the downward increasing sa-
linity, offering a primary mechanism of the existence of the
double-diffusive convection. Most observations in the CB were
not deep enough due to technical reasons (especially in early ex-
peditions), less extensive focus was stressed in the deep basin
compared to the upper layer. Nevertheless, striking staircase
structures were observed below 2 400 m for the 0 with measure-
ments of high-resolution CTD instruments in case studies, such
as the work of Timmermans et al. (2003), based on combined ob-
servations of Guildline 8705, SeaBird (SBE) 911 CTD, Falmouth
Sci. Inst. (FSI) ICTD and SBE 25. The thicknesses of interfaces
and mixed layers were found varying around 2-16 m and 10-60
m respectively.

This work further shows the staircase structure of 6 in the
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Fig. 8. Staircase structure of ¢ and S in the upper layer of Sta. M03. The selection of interfaces and transition layers is also

demonstrated. Blue line is potential temperature and red line is the salinity.

Table 2. Characteristics of the upper staircase structure induced by double-diffusive convection along Section M

Station  Jhy,h,;/m oh,,h,/m ohyhy/m  6,/°C  9,/°C 6,/°C R, R, R, Fp /W-m2 Fp,/W-m-2 Fp,/W-m2
Mo02 8,20 4,9 7,16 0.107 0.038 0.148 2.17 1.79 2.74 1.89 0.72 1.88
Mo03 11, 20 9,13 6,2 0.090 0.127 0.097 3.18 3.10 3.13 0.77 1.26 0.85
Mo04 8, 36 7,16 7,3 0.075 0.108 0.093 2.77 3.17 3.18 0.75 0.98 0.79
Mo05 18,13 10, 14 0.100 0.124 2.85 2.76 1.05 1.47

Notes: Parameters are similar to Table 1.

deep transition layer of the CB using MARKIII CTD. The salinity
difference of the entire transition layer is so subtle (around 0.01
through 500-1 000 m depth) that no salinity staircases is detec-
ted, possibly due to the poor resolution of salinity (0.001) by
MARKIII CTD. On the other hand, despite the temperature differ-
ence in the deep basin is slight (0.005-0.010°C) compared to the
upper layer, the high resolution of MARKIII CTD for temperature
(0.000 5°C) ensures us to distinguish regular staircase structure of
potential temperature. Moreover, the staircases are detected at
all abyssal stations in the central basin, precluding the possibility
of false manifestation due to technical reasons. Comparing to the
observations mainly in early 1990s by Timmermanns et al.
(2003), the deep double-diffusive staircase structure and maxim-
al heat flux in the CB in our observation in 2003 show little
change. The limited resolutions of the probes might not give the
heat fluxes precisely, nevertheless the characteristics of double-
diffusive staircases in the deep basin are robust. Further research
will be carried out with measurements of following Arctic expedi-
tion cruises to investigate the influence of double-diffusive con-
vection on the transformation of deep water masses more accur-
ate.

7 Summary

Based on the CTD measurements in 2003, the staircase struc-
tures of temperature and salinity in the deep Canada Basin, sug-
gestive double-diffusive convection, are analyzed in this work.
The corresponding magnitudes of the double-diffusive convec-
tion are estimated in terms of density ratio R,, and heat fluxes
through interface layers of each step are also calculated.

Below 2 400 m in the central basin, 500-m-thick transition
layers characterized by monotonic increases of temperature and
salinity with depth are found over the bottom homogeneous lay-
er, which are about 1 000 m thick. In the marginal area near the
MR, the bottom homogenous layer is much thinner and totally
disappears in regions shallower than 2 300 m. Inner the trans-
ition layer in the central CB, staircase structures of temperature
are induced by the double-diffusive convection, with the inter-
faces of stairs of around 10 m thick, temperature differences of
0.001-0.002°C for each interface and mixed layers of stairs thin-
ning upward from about 60 m to 20 m.

The density ratio of the staircases in the deep central basin is
around 2, 1 value smaller than that in upper layer near MR,
where the staircases are thinner, with much larger temperature
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gradients across interfaces. The estimation of heat fluxes through
the deepest interfaces in the deep basin varies around tens of
milliwatt per square meter, and is about two magnitudes smaller
than those in the upper marginal area. The maximal heat flux
through the deep transition layer is 0.031 W/m? in the central
basin, comparable to the geothermal heat flux estimations. This
work affords strong support to the assumption that the vertical
transport of heat across the top of bottom homogeneous layer are
mainly carried out by the double-diffusive convection driven by
geothermal heat.
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