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Fig. 1. High-pressure saline watep'enyironments in icy moons or water-rich planets. (a) Phase diagram of H,O showing the
stability fields of major ice phases.(b) Schematic internal structure showing the increase of pressure with depth and the

potential transport of salt ions info Subsurface oceans or deep high-pressure ice layers through water-rock interactions.
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Table 1 Control factors and evidence-assessment dimensions for phase-transition pathways in high-pressure saline water

systems.

Factor / assessment Role in pathway control or ) o
) ) ) ) Representative systems Main evidence
dimension Interpretation

Controls material partitioning among
Concentration / water Initial composition, residual liquid,
ice phases, hydratesyand residual LiCl, NaCl, MgCl,
activity s phase fraction from diffraction
uidsy

Controls yitrification, ‘crystallization on )
In situ XRD/Raman changes along

P-T path heating, hydrate formation, and hydrate LiCl, CaCl,
the path
decomposition.
Glassy or'amorphous precursors can Amorphous scattering, crystallization
Precursor state modify salt rejection and nucleation LiCl, NaCl temperature, sequence of phase
processes. appearance

Hydrates can immobilize salt ions and
NaCl, KCl, KBr, CaCl,, Independent hydrate peaks, structural

Hydrate stability may act as intermediate phases for ion
MgCl, refinement
redistribution at higher pressures.

Does not control phase transitions, but

Evidence XRD/Raman/Brillouin combined
distinguishes lattice incorporation, local

type/evidence All systems with refinement, neutron diffraction,
perturbation, nanoscale coexistence,
strength and DFT/MD

and residual-brine enrichment.

Notes: XRD represents X-ray diffraction; DFT represents density functional theory; MD represents molecular dynamics.
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Fig. 2 Three possible fates/of salt'ions under high pressure: hydrate formation, salt-affected ice VII, and residual brine or

grain-boundary enrichment.
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Cross-comparison of phase-transition pathways, starting compositionsjand ewidénce strength in representative

saline systems

Starting composition and P-T Mechanistic
System Main product or phenomenon  Evidence basis and conclusion strength o
path implication
Glassy precursor, €.g., Neutron diffraction, simulations, Proof of principle for
. ) Salt-affected ice VI; lattic€ .
LiCl-6H,0 solutions yolume anomaly; relatively strong salt-affected ice VI, but
LiCl-H,O expansion and hydrogen-bond

compressed at 4-6 GPa and

crystallized on heating

Crystallization from
amorphous precursor, high-T
NaCl-H,O high-P simulations, and high-
pressure low-temperature

hydrate experiments

KCl-nH,0 (n=20, 29, 32, 38,
56, 111) solutions; 0,te"3
GPa; 298-405 K;;

KCI-H,O

KBr-nH0(n=20, 29)

KBr-H,0
solutions; 0 to 3 GPa; 298K

CaClp-nH,0 (n=55) solution;

298 K; hydrate formation at 2
CaClz-Hzo .
GPa and decomposition at 10

GPa

Different MgCl,-nH,0O
MgCl,-H,0 -
compositions and P-T paths.

[-CaCl,-4H,0 coexists with ice

evidence for a non-equilibrium salt- path-specific rather

network perturbation

affected ice VI pathway [13] than universal.

Limited evidence for extensive Hydrate structures provide strong Boundary system with

incorporation; possible limited structural evidence; dense-ice solubility strong pathway
divergence under

different P-T

solubility, in highytemperature is mainly supported by simulations;

extensive incorporation remains limited
1 [21-23]

densedce; hyperhydrated

phases can form or controversia conditions.

Single-crystal/powder XRD and )
) Hydrate formation
spectroscopy; strong evidence for
KCI'-H,O . dominates under
hydrate formation under reported »
reported conditions

conditions [*]

XRD and spectroscopy; strong Halide substitution

KBr-H,O0; structural family
related to KC1-H,O

evidence for a monohydrate structural ~ within a monohydrate

family [14] structural family

Raman, XRD, simulations, and phase- )
- ) ] Two-stage mechanism:
transition anomalies; strong evidence

VI; hydrate decomposes upon hydrate formation-

for hydrate formation, but ice VI

further compression and affects decomposition-ice VI

ice VI

perturbation after decomposition )
perturbation

requires combined constraints 241,

MgCl,-6H,0-1II, MgCl,-7H,0, Neutron diffraction, XRD, Raman, and ~ Multiple hydrates are

MgCl,-10H,0, and low- simulations; strong evidence for established, but their
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concentration MgCl,- related  several hydrates, but the hydrate-ice VI  link to potential ice VI
perturbations on ice VI transition relationship remains perturbation remains an

unresolved [25-281, open problem.

Notes: Conclusion strength refers to how directly the available evidence supports the proposed pathway; it is not a phase-
transition control factor.
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AT i — P X HIE G B2 REBE M. UK REEIAERIR AR XK & 555 T AR .

MgCl 1 R I ] B2 R P& . A SR ANIE R T 2 5 MgCl, /K& BIAEAE AT MgCl, %t
VKVIEIEAEREI, (H =% 2 (8] J& TR AELE AL CaCl, B LR B A%, BI/K & 4AE it — 5 TH RN 43
R IR b T R ok VI, - H RIS = AR IR ARG o RSB RLAE Rl — WA 4R - % 4L P-T #%
RSz, AR CSK S, UKV . O-H ¥R3h. SbEvE R A m] ek R iEME 5 .

AR MgClo-HoO F S50 45 AR AN Re b 1] 50 AR O — 6 e AL 72 . KA. KRG YA
ANIKE -1 PR AR % &5 56 7750 P-T B D IEANSE A F) s ARIRBE MgCly BEM vk VI S5
Mg T H—RM8 . AU EIE G SR — MR IR : MgCly /KA T RE7E 5 5 1 77 8RR
ERETZ5E TENAE, (HHE MeCL-UKVIZ I8 FESE NS R FdE— B IiE.

MgCl-H,O 74 RIEFI B T M ER A 8 M 2 B R R . UK P EE RS H Mg, @
A= & MgClL —Fh:y, BT AR & Naty K. Ca2'. CIAI SO BT« &8 Tk &,
ANFEE G KE . TERE SRR K GRS, vl AR S 5 20 AH B i K & idae X TR R A 7% 80
PRI, 3R SRA R BRARSEAARAT A 1) L BLEEA,  (H B SAT B /KA B RAEE4 L T RE SR N &R 4
F 3 BRI T IR K SIS ML . TR RIS T e s TR N AN A K
WA e LAt

* 3 ABRSEIRKEMT NSRS SEEMTFE

Table 3 Formation conditions and structural characteristics of répresentative high-pressure salt hydrates
Hydrate Structure / feature Formation condition Starting system Ion-partitioning implication
) 1 180K, 40073 GPa;
Hyperhydrated sodium NaCl-nH,0O Immobilizes Na* and Cl-in a
NaCl-13H,0 ) formed at243 K ~0.5
chloride hydrate (n=15) hyperhydrated phase
GPa 2]
Hyperhydrated sodium NaCl-nH,0 Immobilizes Na* and Cl" in a
2NaCl-17H,0 _ 1 276K, 11.5GPa [23]
chloride hydraté (n=15) hyperhydrated phase
KCl-nH,O K* and CI- preferentially enter an

Monohydratewith a salt-
KCI-H,O 298 K, ~2 GPa [’ (n=20, 29, 32, 38, independent salt-water
water/ framework

56, 111) framework
StructuralMamily related KBr-nH,O Provides a structural analogue for
KBr-H,0 298 K, ~2 GPa [14]
t0K\C1-H,O (n=20, 29) KCI/KBr monohydrates
298 K, forms at 2 GPa Immobilizes Ca?* and Cl- at
. . CaClz—nHZO
p-CaCl,-4H,04/ Edl¢ium chloride hydrate and decomposes at 10 (n=55) moderate pressure; instability at
n=
Ga [24] higher pressure may affect ice VI

Reflects strong Mg?* hydration
1100 K, 14 GPa; 1285 MgCl,-nH,O
MgCl,-10H,0  High-pressure decahydrate and high-pressure hydrate
K, 2.7 GPa [?3] (n=25)
stability

Shows the stability of Mg?"

High-pressure 295-323K, 0.9-1.6 MgCl,-nH,0O
MgCl,-6H,0- 11 coordination-water environments
hexahydrate GPa [20] (n=12)
at GPa-level pressure
High-pressure MgCl,-nH,O Constrains the structural
MgCl,-7TH,O 298 K, 3 GPa [?7]

heptahydrate with (n=10) evolution of MgCl, hydrates




R R 5
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

anisotropic compression

Note: “t” denotes heating or compression, and “ | ” denotes cooling or decompression. Pressures and
temperatures are given in GPa and K, respectively. Starting compositions or salt-to-water ratios follow the original reports

where possible.

g bR R, HUKEWSEMUKVIZ B AR R A ik — kR . B 3 M 7 Rk E KR R
AR BLI TS AR SRR T2 BB BAR i S AT KA AR THIR 45 i T SRS Uk VI, ] e
FRERK G, FRAE R 5 ) Nl K SR AN 5 R o Bt — D ROk VI s K s R, — 380
HE TR ATREOR B R MK d T B R A

Competition between salt hydrates and salt-affected ice VII

Glass/z‘u‘nm‘phous heating Crystal‘l,iz_a[ion
precursor on heating
Saline water Salt-affected]
ice VII
-
hydrate route hydxate insgability //*
Hydrate high pressure| Hydeate
&
[ Residual brine/grain%ﬁchmem ]

restddal-fluid rofite

idn, redistribution

K 3 EKE 5 SRk VI 18] (56 5+ g AR 2 8 AR B ETHE AR R h W 2 Pk S E . KEaWkia)s
MIEF O BC . VKVIR APl LUK kK E AR AR, 1 AFEARIESRE AR .
Fig. 3 Conceptual pathways for competition between salt hydrates and salt-affected ice VII. Salt ions may follow different
pathways during compression and temperature variation, including hydrate immobilization, redistribution after hydrate
destabilization, local perturbation ofice VI, and residual-brine enrichment. Notes: evidential support differs among

pathways.

5. Zi—IANRMIRER

it LR AR TTRIE I, R B KA A AN RE B — IR S, 10 A 3 8 78 e e /R AR &R )
Iy BCHAR N2 o il AR 3R WY, AT 4 AT SR AN THIELAS f 42 T ER M UK VI NaCl 7 &
PR, A HMEEAE P-T 564 T RIUA A HKEVIB K. A IREANSGE PR KCUKBr 75 %
SO T R R s A B K & CaCly (R &7 1 “OKE IR -2 fl-vk VIS - B Btk
;. MgCL A RMIRIR, ZMKEW S EAEIKVITL SN Z 8] AT BEAFAE M A S8 2 B e G R . 1
SERUH, R EKA R IIEK G SR UK VIR AR XK & I RIS IR, T2
HETEANRE) R RS SR T RAR L.

MIEHIR RS, BRI EERKIE L RE T 3B TR KW R A 22 18] 73 e 4 o 5%
fill; P-T BARAIFT IR STE R AL . HEERAMTHRSE R e K& AR E R v e vksg 2 12 15
Wil €, BUIEHE R T EB RO — Bk VL, BSR40, FA K G e 0 W] DU E N B AN
A R ZEREESH, EARBRIEAEMADCIEESR . FalR7E CaCl M MgCl, 55 —fir #h ik
i, sRK A AT ER K & A 8 P T e bL B At i B 1 RO OB BE N 5 8
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XHATERPFM S, S0 2 el R m R s s K Z % e, Sk, Bk R
MK = HERFEVOKEME AP, W A AR 07 SO A R TR KK E &
15T AR NBR Z PRV, WS UK R it A AN AR AR 1 5t mT e f 25 40 HoO iR R o
A, SEESE AR SNIA R AR AN AT N [A)AH AR I AR AN R B RE A (R T UK TR N B AL T
ZHEF ZHER. B, HKERERHIWN -SRI N IBEWECR R, TEEZ &R
Bl S8dE. 1S 2 AR R LR I SRR

ARRAF TP RN =ATTHHERE . 5, SRR — AR R E AR s N R IE S R ALK )
-l BE AR SEES, B AN R SRR R AR R I RIS R P g — . Hk, Mg
XRD. Raman. Brillouin, HF-FATFFBEIRELL, @V X 5 58EER. RS, 9PKISEMERR
XK EEREEbR . BE, MHAHRAREDIHREIZEFHKAE R, HAKE
Na*. K*. Mg, Ca?*. CI"Fl SO2 %55 T A7 /K & W0 fa @ ERIBS T3 BeAT . R TEIX g ]
BARRRBL NG, s ShyK SLIe 45 o Be 7E B IE FH 2% AR AE 48 5 20 B Rt B B0 mT SE A T
FEUK T IR 7K B AN & ZKAT B UK (1 2540 5 3 Ak o
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Research Progress on Ion-Partitioning Pathways in High-Pressure Saline Water

Systems

WEI Xinmiao !, LI Xinyang >*, LIU Zhao !, LI Fangfei 2, CUI Tian!-?*
(1.Institute of High Pressure Physics, School of Physical Science and Technology, Ningbo University,
Ningbo 315211, Zhejiang, China;

2. College of Physics, Jilin University, Changchun 130012, Jilin, China)

Abstract: Phase-transition behavior in high-pressure saline water systems is fundamental to understanding
the deep hydrospheres of icy moons, the ice mantles of water-rich planets, and high-pressure ice physics.
Compared with pure H,O systems, salt ions not only modify the formation pathways of high-pressure ice
phases such as ice VI and ice VII, but may also be redistributed as salt hydrates, salt-affected ice VI, or residual
brines. In this review, we address the question of where salt ions reside in high-pressure aqueous systems by
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establishing a comparative framework based on two aspects: phase-transition pathway controls and evidence-
assessment criteria. Concentration, water activity, pressure—temperature path, precursor state, and hydrate
stability mainly govern the partitioning of salt ions among ice phases, hydrates, and residual fluids, whereas
evidence type and evidence strength define the reliability and wording boundaries of different conclusions.
On this basis, we review recent progress in representative systems including LiCl, NaCl, KCI, KBr, CaCl,,
and MgCl,. Existing studies show that the LiCl system provides representative evidence for salt-affected ice
VI formed through a non-equilibrium pathway; the NaCl system exhibits strong condition dependence and
remains controversial with respect to extensive lattice incorporation; KCI/KBr and some NaCl systems
preferentially form salt hydrates; the CaCl, system reveals a stepwise mechanism involving hydrate
formation, hydrate decomposition, and subsequent perturbation of ice VII; and the MgCl, system indicates
that the relationship between multiple hydrates and potential MgCl,-ice VI still requires confirmation by
continuous in situ experiments. It should be noted that this review focuses on representative chloride and
halide systems for which relatively systematic high-pressure experimental data are/ayailable; whereas sulfate,
carbonate, and multicomponent salt systems are discussed only briefly /ingthe\ ‘eontext of planetary
implications and future research directions.

Keywords: high-pressure saline water systems; salt hydrates; ice Vil;<onie partitioning; icy moons
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