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Sedimentary basins host high-grade gold mineralization at intersections of auriferous
hydrothermal fluids and hydrocarbons. However, the precise mechanism of native gold
formation associated with organic matter remains poorly understood. Here, we investi-
gate gold precipitation at oil-water interfaces through in situ thermal experiments using
various combinations of oil and HAuCl,-bearing solutions. Our results reveal that gold
particles form spontaneously following the extensive generation and evolution of water
microdroplets at oil-water interfaces at temperatures of 140 to 400 °C. We propose that
electrons (e7), released from the conversion of hydroxide ions (OH") to hydroxyl radicals
(-OH) in water microdroplets, together with H atoms (-H) formed through electron
transfer involving H;0", and spontaneously generated H,0, from-OH recombination,
drive the reduction of Au’* to Au’. The atomic gold progressively aggregates into Au’
clusters and Au nanoparticles (AuNDPs), ultimately forming micrometer-scale gold par-
ticles and wires. This precipitation process occurs within minutes at temperatures above
350 °C and within hours below 200 °C. The experimentally produced gold particles
exhibit textures like those in natural ore deposits. This interfacial microdroplet—induced
mechanism provides a unique perspective on native gold formation in hydrocarbon-rich
geosystems. Beyond its geological significance, this mechanism offers a potentially sim-
plified approach for gold recovery from electronic waste without the need to introduce
complex adsorbents or reducing agents into the waste stream.

gold | oil-water | microdroplet

Significant gold mineralization occurs in association with organic matter (e.g., hydrocar-
bons, bitumen and carbonaceous seams) within sedimentary basins (e.g., the world’s
greatest gold deposit in the Witwatersrand Basin) and orogenic belts (1-12). Natural gold
enrichment in ore deposits occurs through critical concentration processes, and traditional
gold mineralization models emphasize gold supersaturation triggered by changing phys-
icochemical conditions in hydrothermal fluids (13, 14), including boiling (15-17), flash
vaporization (18), fluid-rock interaction involving sulfide species (19-24), fluid mixing
(13, 15), and fluid immiscibility (25, 26). While the formation of invisible gold in pyrite
and arsenopyrite in organic-rich geosystems can be explained by fluid—rock interactions
(2,20, 21, 27), the precise mechanism for high-grade native gold formation at intersections
of dilute auriferous hydrothermal fluids and hydrocarbons remains unclear (6, 8).

In recent years, interfacial water microdroplets have received significant attention as
confined microenvironments that substantially alter water properties, resulting in modified
chemical reaction pathways and accelerated reaction rates (28—42). Our recent experiments
have identified the common occurrence of water microdroplets at oil-water interfaces in
deeply buried hot hydrocarbon reservoirs and their potential to cause reduction of dissolved
compounds (31). Additionally, laboratory-generated water microdroplets at room tem-
perature have been verified to promote gold nanostructure formation (30, 43, 44).
However, when considering gold mineralization in organic-rich thermal geosystems, the
role of water microdroplets has been overlooked by traditional hypotheses that emphasize
the reduction potential of organic matter (2—4, 45) and associated sulfur species (6, 8,
10, 24, 46, 47).

We investigate the microscale mechanisms of gold enrichment at interfaces between
hydrothermal fluids and hydrocarbons. Using in situ visualization within transparent
fused silica capillary tubes (FSCTs) (SI Appendix, Fig. S1), together with scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), and transmission electron
microscopy (TEM), we show that water microdroplets continuously form and evolve at
the interfaces between oil and HAuCl,-bearing aqueous solutions under elevated temper-
atures. We propose that aqueous electrons (¢7) generated during the conversion of
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hydroxide ions (OH") to hydroxyl radicals (-OH), along with  oil, two normal alkanes (#-H,,Cs,, n-C¢H,,), one perfluoroalkane

spontaneously produced H atoms and hydrogen peroxide (H,0,), (C4F,g), and auriferous solutions with Au’* concentration ranging
primarily drive the reduction of Au® to elemental gold within ~ from 54.6 ppm to 94 ppb. Visual observations revealed dynamic
water microdroplets. The resulting atomic gold then aggregates ~ formation and evolution of water microdroplets in oil phases near
into nano- and microscale particles during microdroplet coales- oil-water interfaces at elevated temperatures (140 to 400 °C)

cence. While alkane-derived radicals and other organic reducing (Fig. 1 and S/ Appendix, Fig. S3 and Movies S1-516). These small
species may contribute to varying degrees, this water  microdroplets underwent cyclic coalescence and bursting, with
microdroplet-mediated process offers a significant mechanism for  sizes ranging from 5 to 15 um to 30 to 50 pum, and coalescence-
high-grade gold deposition when auriferous hydrothermal fluids ~ bursting cycles shortening to less than 10 s above 350 °C.

encounter hydrocarbon-rich reservoirs. In 7-C,¢H,,-H,0 systems containing HAuCl, (10.8 ppm Au™)
rapidly heated to 360 to 400 °C (25 °C/min), gold precipitation
occurred within microdroplet groups in the alkane phase after just
one min (S/ Appendix, Fig. S3 Al and A2), following extensive
Water Microdroplets and Gold Particles in Thermal Experiments.  coalescence and rupture of water microdroplets (Movie S7). SEM
Our experimental series investigated gold formation at oil-water analysis revealed abundant AuNPs (50 to 500 nm) in the 5-min
interfaces through 21 experiments at high temperature and high experiment (Fig. 24 and SI Appendix, Fig. S5), progressing to
pressure (S] Appendix, Table S1 and Fig. S2). We utilized one crude larger particles (100 to 2,000 nm) in the 2-h experiment (Fig. 28
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Fig. 1. Evolution of water microdroplets and associated formation of hydroxyl radicals (:OH), aqueous electrons (e7), hydrogen peroxide (H,0O,), and gold particles
near oil-water interfaces in various systems. (A1-A3) n-C;5H3,-H,0 (HAuCl,)-10.8 ppm system heated to 390 °C for 2 h. (B1-B3) n-C;5H;4-H,0 (HAuCl,)-10.8 ppm
system heated to 150 °C for 25 h. (C1-C3) Oil-CO,-H,0 (NaCl-HAuCl,)-10.8 ppm system heated to 396 °C. (D1-D3) Water microdroplets showing enhanced
fluorescence compared to bulk water at 140 °C in the n-C,gH5,-H,0 (PF-1) system. (E1) Electron paramagnetic resonance (EPR) spectra of hydroxyl free radicals
(-OH) obtained in the n-C,zH3,-H,0 and water-only systems, with 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as the spin trap. -OH radicals were detected in the
Nn-C;¢H3,4-H,O system but not in the water-only system. (E2-£4) EPR spectra of 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO) obtained in water-only (£2), alkane-
only (E3), and n-C,4-H3,-water (E4) systems at different temperatures. The clear signals obtained in the water-only system show that TEMPO remains effective
at high temperatures; the progressive reduction of EPR signals in n-C,¢Hs, system with increasing temperature indicates thermal cracking of alkanes to form
free radicals that reduce TEMPO; the complete disappearance of TEMPO signals in n-C;¢Hs,-H,O mixtures above 140 °C (£4) indicates that interfacial water
microdroplets create a unique environment that enhances generation of free radicals and electrons. (F1-F3) Reduction of silicomolybdic acid to its blue Mo(V)
form within microdroplets and subsequently spreading to bulk aqueous phase in the heated (150 to 200 °C) n-C;¢Hs,-H,O system (F1 and F2), but not in the
water-only system (F3). (G1-G5) Detection of H,0, using Amplex Red (AR)-natural horseradish peroxidase (HRP): color of mixed solutions of AR + H,0, (G1), AR +
H,0, + HRP (G2), AR+ Demo (G3), and AR + Demo + HRP (G4), Demo represents postreaction solution obtained from the n-C;sHs,-H,0 system subjected to two
cycles of heating and cooling (40 to 150 °C); (G5) fluorescence spectra of the G1-G4 samples. The red color development after HRP addition to the AR + Demo
mixture verifies the generation of H,0, in the n-C,4H3,-H,0 system.
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Fig. 2. SEM and TEM images of nano-micrometer gold particles formed in different oil-hot water systems. (A) n-C,¢H3,-H,O (HAuCl,)-10.8 ppm system heated to
390 °C for 5 min. (B) n-C;gH34-H,0 (HAuUCl,)-10.8 ppm system heated to 400 °C for 2 h. (C and D) n-C;5H;,-H,0 (HAuCl,)-10.8 ppm system subjected to two cycles of
heating up to 190 °C and cooling to 120 °C. (E and F) EDS image of the gold particles in D for Au (E) and C + O + Si + Au (). (G) Lattice fringes of AUNPs formed in
the n-CgH,,-H,0 (HAuCl,)-10.8 ppm system heated to 380 °C for 5 min showing d-spacing of approximately 0.23 nm and aggregation of multiple smaller bounded
AuNPs to form individual AuNPs. Yellow dotted lines and yellow triangles represent dislocation and lattice distortion of the aggregated AuNPs. An angle of 48°
can be identified clearly between two bounded lattice planes. (H) AuNPs formed by three times heating up to 190 °C and two times cooling down to 120 °Cin the
0il-H,0 (NaCl-HAuCl,)-10.8 ppm system. (/) AuNPs formed by three times heating up to 190 °C and two times cool down to 120 °C in the CgF;5-H,0 (HAuCl4)-10.8
ppm system. EDS data for the labeled points (ESD1-EDS4) and more EDS mapping images are presented in the supporting information of S/ Appendix, Figs. S5-S8.

and SI Appendix, Figs. S44, S6, and S9). These AuNPs and
micrometer gold particles aggregate to form gold wires clearly
visible in the FSCTs (Movie S9), showing further growth after 4
to 5 min (Fig. 1 Al and A2 and SI Appendix, Fig. S3A3) and
significant enlargement after 1.5 h (Fig. 143). Similar experiments
with lower (2.1 ppm) and higher (54.6 ppm) Au’®" concentrations
at 380 to 400 °C also demonstrated rapid AuNP and gold wire
formation following extensive water microdroplets evolution
(Movies S11 and S12), with gold particle sizes ranging from 100
to 500 nm (SI Appendix, Figs. S4B and S10) and 8 to 18 pm
(SI Appendix, Figs. S4C and S11), respectively. SEM-EDS con-
firmed that the precipitated gold particles remained covered by
n-C,sH;4 film after drying, evidenced by carbon detection, con-
sistent with their precipitation in water microdroplets within the
alkane phase (S/ Appendix, Figs. S5 and S6). In contrast to the
extensive formation of gold particles within water microdroplets,
oil microdroplets in the water phase at elevated temperatures
showed limited evidence of gold precipitation even after heating
for 1.5 h (Fig. 143) or in systems with high Au®* concentrations
(54.6 ppm) (Movie S11). This observation contrasts with a pre-
vious hypothesis that suggested that oil droplets formed in
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hydrothermal water initiate gold precipitation (3, 4). Notably,
control experiments using only HAuCl,-containing water showed
no detectable gold particles after 3 h at 380 °C (Movie S10).

At moderate temperatures (150 to 190 °C), extended experiments
revealed slower precipitation of native gold in the 7-C,H,,-H,O
systems containing HAuCl, (10.8 ppm Au™). AuNPs were not iden-
tified within short-duration experiments (165 °C for 30 mins, 160 °C
for 1 h, 150 °C for 3 h, and 150 °C for 10 h) (Movies S2-S5).
However, a 25-h experiment at 150 °C with slow heating (1 °C/min)
yielded gold particles after 11 h (Movie S6), following slow evolution
of water microdroplets near the alkane-water interface (Fig. 1 Bl-
B3). SEM analysis identified 2 to 6 um gold particles after 25-h
heating (8] Appendix, Figs. S4D and S12). Further experiments inves-
tigating water microdroplet effects through cycled heating—cooling
(heating from 25 to 190 °C, then cooling to 120 °C and reheating
to 190 °C) demonstrated enhanced gold precipitation (S Appendix,
Fig. S3 B1-B3). These cycles generated abundant water microdrop-
lets during cooling and pressure relief, with rapid microdroplet coa-
lescence during subsequent heating (Movies S8 and S13). Clear gold
particle formation occurred in the oil phase near the #-C, ;H; ~water
interface within 10 to 20 min after 1 to 3 cooling-heating cycles
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(SI Appendix, Fig. S3 B2 and B3), producing numerous AuNPs and
microscale gold particles with distinctive triangles, hexagons, and
squares morphologies (Fig. 2 C-F and SI Appendix, Figs. S4E, S7,
and S13). Control experiments at 110 °C without microdroplet for-
mation showed no AuNDPs after 48 h (Movie S1).

An additional experiment in the z-C¢H,,-H,O system contain-
ing HAuCl, (10.8 ppm Au’) rapidly heated to 380 °C demon-
strated similar processes and native gold textures to those observed
in experiments with #-C,H;, (SI Appendix, Figs. S3 C1-C3 and
S4F and Movie S14). Since n-C¢H, 4 readily evaporates from gold
particle surfaces, high-resolution TEM revealed clear lattice fringes
in the AuNDPs without interference from alkane films, showing
d-spacing of approximately 0.23 nm (Fig. 2G and SI Appendix,
Figs. S4G and S8). Detailed TEM analysis indicated that individual
AuNPs comprise multiple smaller bounded AuNPs exhibiting both
well-crystallized structures and low-order crystallinity (Fig. 2G).
These smaller AuNDPs aggregated at various crystallographic orien-
tations, with interfaces ranging from distinct to indistinct bound-
aries. Additional experiments in the z-CjH, ,-H,O system with 94
ppb Au’* also formed AuNPs, but after heating at 380 °C for 6 h
(SI Appendix, Fig. S14), with sizes smaller than those in systems
with higher Au”™ concentration. Notably, besides 7#-C,;H,, and
n-CgH, 4, native AuNDPs also formed rapidly in CgF,¢-H,O systems
containing HAuCl, (10.8 ppm Au®") heated to 390 °C or treated
with heating—cooling cycles (Fig. 27 and SI Appendix, Fig. S15).

To simulate natural hydrothermal conditions with CO, and
low NaCl salinity, experiments in crude 0il-CO,-H,O systems
(NaCl-HAuCl,, 10.8 ppm Au’*) were conducted at both cycled
heating—cooling conditions (heating from 25 to 180 °C, then
cooling to 120 °C, and reheating to 180 °C, SI Appendix, Fig. S3
D1-D3 and Movie $15) and rapid heating to elevated temperature
(380 °C, Fig. 1 C1-C3 and Movie S16). Both approaches pro-
duced gold particles and wires within water microdroplets in oil
phases (Fig. 1 C2 and C3 and SI Appendix, Fig. S3D3). TEM
analysis identified abundant AuNPs covered by crude oil film after
dying (Fig. 2H and SI Appendix, Figs. S4 H and [ and S16).

Water Microdroplet-Induced Gold Precipitation At Oil-Water
Interfaces. Our experiments demonstrate that gold ions in aqueous
solutions undergo rapid and efficient reduction within water
microdroplets at oil/alkane—water interfaces, in the absence of external
reducing agents (Figs. 1 and 2 and SI Appendix, Figs. S3-S4). We
propose a water microdrosplet-driven mechanism for gold deposition
and aggregation in Au’'-bearing aqueous-hydrocarbon systems
(Fig. 3). As illustrated, multiple concurrent pathways converge to
facilitate the reduction of Au’* to Au’.

Initially, water microdroplets form within the oil phase near
oil-water interfaces at elevated temperatures. These droplets spon-
taneously generate hydroxyl radicals (-OH) via aqueous electron
(¢) release from hydroxide ions (OH"), and hydrogen atoms (-H)
through electron transfer involving H;O™ at the droplet interface
(Eqs. 1-3; Fig. 34) (31, 33, 38, 40, 41). The processes are driven
by strong electric fields (32, 34, 38, 49-51) and by the reduced
hydration enthalpies of OH™ and H" at the oil-water interface
relative to the bulk water (52, 53). Electron paramagnetic resonance
(EPR) measurements using 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) as a spin trap (Fig. 1£1) confirmed -OH generation (Eq.
2). Evidence for electron generation within a water microdroplets
at elevated temperatures includes the reduction of silicomolybdic
acid to its blue Mo (V) form (54), which first appears locally within
microdroplets and subsequently spreads to the bulk aqueous phase
in heated (150 to 200 °C) »-C, H;, and H,O mixtures (Fig. 1 F1
and F2 and SIAppendix, Fig. S17 A and B), but not in the
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individual components (Fig. 1/3 and S/ Appendix, Fig. S17 Cand
D), and the rapid precipitation of AuNPs in the CgF,4-H,O systems
containing Au* (Fig. 27 and SI Appendix, Fig. S15), where chem-
ically inert CgF g cannot provide alternative reductants (34, 55).
Concurrently, elevated temperatures induce radical formation from
oil species (Eq. 4, m and n > 1). Compared with heated water alone,
the EPR signal intensity of 2,2,6,6-tetramethylpiperidoxyl
(TEMPO) decrease progressively with increasing temperature in
the n-C,Hs, system (Fig. 1 £2 and E3), indicating thermal crack-
ing of alkanes into free radicals (Eq. 4). Notably, the complete
disappearance of TEMPO signals in 7-C,;H;,-H,O mixtures above
140 °C (Fig. 1F4) demonstrate that interfacial water microdroplets
create a unique environment that enhances generation of free rad-

icals and electrons (44, 56, 57).

H,0=H'+OH", [1]

OH™ - - OH + ¢ (solv), [2]
H;0% + e (solv) > H,O + - H, [3]
n—CigHzy = -R, + -R + -H. [4]

The highly reactive solvated electrons (44, 58) and -H atoms (59)
can directly reduce Au* species to elemental gold (Egs. 5-7). In
addition, hydrogen peroxide (H,0,), a well-established reductant for
AuNP formation (43, 60, 61), is generated spontaneously within
water microdroplets via -OH recombination as shown in Eq. 8 (33,
52). This was confirmed by enhanced fluorescence of the
H,0,-sensitive probe peroxyfluor-1 (PF-1) (33) (Fig. 1 D2 and D3)
and the characteristic color change in the Amplex Red-horseradish
peroxidase assay (AR-HRP) (62) (Fig. 1 G1-G5). The accumulation
of H,O, in microdroplets thereby provides an additional pathway for
gold reduction (Eq. 9) (Fig. 3B). While these species directly drive
Au’* reduction, they can also undergo competing side reactions such
as-OH+H"+e¢ - H,0,H,0,+H" +¢ > H,0+-OH,2.H -
H,,and -H + -R, = R H,,,, (31,41, 63), which are thermodynam-
ically favorable but do not preclude Au®* reduction.

Once formed, elemental gold is highly resistant to oxidation
(64). Although -OH is a strong oxidant, direct oxidation of Ad’
has only been observed under extreme conditions, such as in the
Fenton system under pure O, atmosphere over timescales of ~10
min (43, 64). By contrast, the widespread use of AuNPs as pro-
moters of -OH generation (65-67) and the persistence of unal-
tered postreaction AuNPs (68) indicate limited reactivity between
.OH and Au’. Instead, -OH is more likely consumed via recom-
bination (yielding H,0,/H,0) or through reactions with alkane-
derived radicals that produce oxygenated species such as alcohols,
ketones, and aliphatic esters (31, 41), as confirmed in postreaction

liquid oils (87 Appendix, Fig. S18).

AuCly +3e 6w — Au® | +4CI™ E’=+1.002V, [5]

APt 43¢0 — A’ | E'=+1.50V, [6]
AuCly- +3-H—Au’ | +3H +4C1°  E’=+3.312V, [7]
2. OH = HzOz, [8]

AuCly- +1.5H,0, - Aul +1.50,+3H" +4Cl~
E° = +0.322V, P

Au(HS)° +H" +e () > Aul +H,S  E°=+0.548V,

[10]

solv)
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Fig. 3. Schematic diagram showing the formation of nano-micrometer Au particles near oil-water interfaces. (A) Formation of aqueous electrons (e’), -H,"OH,
and H,0, in water microdroplets. (B) Reduction of Au®" to form native Au® and atom clusters in individual water microdroplet through the action of electrons,H,
and H,0,. (C) Coalescence of water microdroplets and assembly of atom clusters to form AuNPs. (D) Formation of micrometer gold particles and gold wires
with further coalescence of water microdroplets. (£) TEM image showing relationship between gold grain (au), AuNPs, and pyrobitumen film in a fluid inclusion
developed in the gold grain. (F) SEM image showing native gold grains intimately associated with bitumen (bit). (G) BSE-SEM image showing relationship between
gold and carbonaceous matter (CM); CM and gold co-occupy the same structures (red arrows), and CM hosts abundant submicron gold grains (yellow arrows
in the Inset). (H) Reflected light image showing uraninite-pyrobitumen-gold association with gold in the desiccation cracks of pyrobitumen and coating the
intergranular primary surfaces of pyrobitumen. £ and F from gold ore in Witwatersrand Basin (3); G from Dufferin gold deposit, Meguma Terrane, Nova Scotia,
Canada (7); H from gold deposit in the Perdpohja Schist Belt in Finland (8). Processes in C and D referred to Fan et al. (48).

Au(HS)2_+H++e_(Solv) —Aul| +H,S+HS™ [11]
E°=+0.093V.

Collectively, these interfacial reactions establish a dynamic redox
environment in which multiple pathways act concurrently to enable
gold precipitation at oil-water interfaces. Among them, solvated
electrons and -H, generated within water microdroplets via funda-
mental interfacial reaction (Egs. 2 and 3) are likely the primary
drivers for Au™* reduction. Hydrogen peroxide (H,O,), produced
through -OH recombination (Eq. 8), may provide a sustained yet
secondary contribution, with its effectiveness constrained by the
concurrent consumption of -OH in parallel reactions. Alkane-derived
‘H (Eq. 4)—rapidly consumed by alkyl radicals and interfacial
‘OH/-H from water and further limited by the need to migrate
across the oil-water interface into aqueous microdroplets where
Au’* reside—likely plays a comparatively smaller role. The detailed
contributions of these pathways, however, remain to be resolved
through further experimental quantification.

While individual microdroplets produce atomic clusters too
small to be detected at low Au’ concentrations, subsequent
microdroplet coalescence allows these clusters to aggregate (Fig. 3
Cand D). The resulting high-surface energy clusters (48) further
merge to form detectable AuNDs, spanning from low-order crys-
talline domains to well-structured nanoparticles (Fig. 2G and
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SI Appendix, Fig. S4G). Continued droplet coalescence then drives
the assembly of AuNPs into micrometer-scale pseudohexagonal
crystals and gold wires (Fig. 2C and S/ Appendix, Fig. S4 C-E)
(30, 48, 69), readily observable under microscopy (Fig. 1 A3 and
C3 and SI Appendix, Fig. S3 A3, B3, and D3). This precipitation
sequence proceeds within minutes at elevated temperatures
(>350 °C), coinciding with rapid microdroplet dynamics, but
requires tens of hours at moderate temperatures (150 to 200 °C),
where droplet evolution is slower. Overall, the water
microdroplet-mediated processes at hydrocarbon-hydrothermal
fluid interfaces efficiently scavenge gold ions from auriferous fluids
and drive the formation of native gold clusters, AuNPs, and gold
wires, without invoking traditional supersaturation mechanisms
such as boiling or fluid mixing. Although AuCl solutions were
employed in our experiments owing to their ease of preparation,
the mechanism is likely extensible to natural systems, since
gold-bearing complexes such as Au(HS)? and Au(HS),™ possess
lower reduction potentials than AuCl, (Egs. 10 and 11) (58).

Implications for Native Gold Ore Formation and Precious Metal
Recovery. The concentration of gold ions in natural auriferous
hydrothermal fluids typically ranges from a few to several hundred
ppb, with tens of ppb most common (7, 17, 70, 71), comparable
to the lowest concentration (94 ppb) used in this study. The
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laboratory pressure applied at elevated temperatures (35 to 41
MPa) (Fig. 2 and SI Appendix, Table S1) represent those in deep
(3.5 to 4.0 km) hydrocarbon reservoirs. Petrographic evidence
consistently reveals close special associations between native
gold particles and organic matter in gold deposits influenced
by hydrocarbons (3, 4, 7-9). High-resolution SEM and TEM
studies further confirm the AuNPs formation in pyrobitumen
(3, 4) and amorphous carbonaceous phases (11) (Fig. 3 E~H),
showing remarkably textural similarities to the products of our
experiments (Fig. 2 and SI Appendix, Fig. S4). We therefore
propose that water microdroplet—induced interfacial reduction
provides a microscopic framework for understanding high-grade
native gold mineralization where auriferous hydrothermal fluids
intersect hydrocarbons (Fig. 4). Upon invasion of hot auriferous
hydrothermal fluids into hydrocarbon reservoirs (Fig. 44), extensive
oil-water interfaces are generated (Fig. 4B), giving rise to abundant
interfacial water microdroplets and promoting AuNP precipitation
(Fig. 4C). The mobility of hydrocarbon phases not only prevents
encapsulation of AuNPs by authigenic minerals but also facilitates
their transport over significant distances, enabling aggregation into
micrometer-scale gold particles and even macroscopic gold nuggets
(45). While fluid-rock interaction processes remain critical for the
formation of pyrite-associated invisible gold in sulfur-rich systems,
our model offers a fundamental alternative pathway for native
gold precipitation in low-sulfide, hydrocarbon-bearing settings.
Moreover, since water microdroplets are capable of reducing silver
ions to silver clusters at room temperature without external electric
field or additional reducing agents (72—74), this mechanism may
extend to other metals commonly enriched in organic-rich ore

systems (e.g., Ag, U) (4,9, 11, 69).

Beyond its geological significance, this water microdroplet—
induced mechanism offers a potentially simplified approach for
gold recovery from electronic waste, eliminating the need for
complex adsorbents and reducing agents currently used in con-

ventional methods (75-80).

Materials and Methods

Chemicals and Sample Preparation. n-C,Hs,, n-CHy, CgFqq crude
oil, HAuCl, NaCl, H,0, CO, 5,5-dimethyl-1-pyrroline N-oxide (DMPO),
2,2,6,6-tetramethylpiperidoxyl (TEMPO), peroxyfluor 1(PF-1), Amplex Red (AR),
Horseradish peroxidase (HRP), H,0, 30% wt.% solution in water, and silicomo-
lybdic acids are used in this study. n-Cy4H;4, n-C4Hs4, CgF4g, NaCl, DMPO, TEMPO,
and H,0, are supplied by Aladdin Industrial Corporation (AIC, Shanghai) and had
a purity greater than 99.5,99.5, 98, 99.5, 97, and 98%. Silicomolybdic acids solu-
tion (18 to 22%) and pure silicomolybdic acids are provided by Aigma-Aldrich.
HAuCl, is from Bidepharm, with a purity of >97%. The deionized water used in
the experiments was pure laboratory-grade deionized water, prepared using a
Millli-Q 1Q7000 ultrapure water system (Merck Millipore) to ensure that it had a
conductivity of less than 0.05 uS/cm, was free of organic contamination, and was
filtered through a 0.22 um pore size filter to remove potential particles before use.
The crude oil is a condensate oil from a deep hot reservoir in the Bohai Bay Basin,
East China. CO, gas cylinderis produced by Shandong Hongda Biotechnology Co.,
Ltd., in a volume of 8 L. and gas pressure of 4.5 = 0.5 MPa. The peroxyfluor 1(PF-
1) is from Zhengzhou Alfa Chemical Co., Ltd, with a purity of >95%. AR (Cat No.
(4839) was supplied by APEXBIO Company. HRP (CAS 9003-99-0) was purchased
from Nanjing Duliy Biotechnology Co., Ltd, with RZ > 1.5 and activity = 150 p/mg.
In the PF-1 solution preparation, PF-1(552.23 ng) was weighed by an analytical
balance and dissolved in H,0 (1,000 g), yielding a solution with a concentration
0f 0.001 pmol/L. The H,0 (NaCl-HAuCl,)-based gold solution was prepared using
HAuCl,~xH,0.An analytical balance is used to accurately weigh 0.47 mg of HAuCl,
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Fig. 4. Schematic model for the formation of high-grade native gold after auriferous hydrothermal fluids entering into hydrocarbon reservoirs. (A) Native
gold precipitation occurs as auriferous hydrothermal fluids enter hot hydrocarbon reservoirs, and native gold precipitation does not occur in low-temperature
reservoirs if the temperature of hydrothermal fluid is lower than 140 to 150 °C. (B and C) Formation of gold particles with the generation of water microdroplets
in hydrocarbons near interfaces between hydrocarbons and auriferous thermal fluids.
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and 5 g of H,0. After dissolving the HAuCl, in H,0, an aqueous solution of HAuCl,
with a concentration of 54.6 ppm Au** is obtained. Then, HAuC, solutions with
concentration of 10.8 ppm, 2.1 ppm, and 94 ppb Au®* are prepared by diluting
the solution with 54.6 ppm Au*. In addition, NaCl is added to the 10.8 ppm Au**
solution to obtain a solution with NaCl concentration of 29 g/L.

In Situ Visual Experiments in FSCTs. The in situ visual experiments were con-
ducted using a transparentsilica capillary thermal experimental system equipped
with microscope, camera, and video recording software (S/ Appendix, Fig. S1),
to ensure real-time observations of the formation and evolution of microdrop-
lets during the mixing of water and alkane/oil samples. Silica capillary tubes
(TPS200794, with an inner diameter of 200 um and an outer diameter of 794
um) were used, with fluid assemblages of n-C;Hs,-H,0 (PF-1), n-C,¢H3,-H,0
(HAuCl,), n-C,H14-H,0 (HAuCl,), CgF5-H,0 (HAuCl,), and 0il-CO,-H,0 (NaCl-
HAuCl,). First, water was injected into 25 cm long TPS200794 tubes with one end
sealed, using afineTPS075150 tube (inner diameter of 75 um and outer diame-
ter of 150 um) connecting with a syringe. Then we inserted another fine tube with
alkane/oil into the TPS200794 tubes at approximately 10 mm from the bottom
and slowly removed the fine tube to inject 10 mm alkane/oil. The open end of
the TPS200794 tube was then connected to the experimental system, evacuated
and then using constant-pressure liquid pump tofill the left part of the tube with
water/CO,. After that, the sealed side of the tube was placed in a LinkamCAP-500
heating-cooling stage for heating. As the temperature increased from 25 °C to
350to 410 °C and pressure increased from 0.1 MPa to approximately 40 Mpa,
and phenomena occurring adjacent to oil-water interfaces were recorded in detail.

Analysis of Deposited Gold After Thermal Experiments. The SEM imag-
ing and EDS were conducted at the Stake Key Laboratory of Deep Oil and Gas,
China University of Petroleum (East China) using a Crossbeam 550. All images
were acquired under vacuum conditions of <1 x 10~ mbar, with an acceleration
voltage of 15 kV and a beam current of 2 nA. For sample preparation, FSCTs were
truncated, and the liquid therein was blown ontoa 1cm x 1 cm quartz plate using
a micropipette, followed by drying for 1 h. Subsequently, platinum was sputtered
onto the quartz plate, and it was mounted on a stud using carbon tape. The stage
was adjusted to position the area of interest under the electron beam. The EDS
detector was then activated. The collection time was setaround 30 to 60 s per point,
based on signal-to-noise ratio needs. This enabled sufficient X-ray photon acquisi-
tion to determine the elemental composition of the point.The data were analyzed
with the SEM’s built-in software to identify elemental peaks and calculate element
abundances. EDS mapping (area scan) had a setup thatis similar to point analysis.
Instead of focusing on one point, the electron beam raster scanned a predefined
rectangular area on the sample, with the size determined by sample features and
research needs. During the scan, the EDS detector continuously collected X-ray
signals from each pixel. A pixel dwell time of 10 to 20 microseconds was used to
ensure enough X-ray counts. After scanning, the data were processed with dedicated
mapping software, which generated elemental maps, visually representing element
distribution across the scanned area.

The TEM imaging was carried out at the Advanced Chemical Engineering and
Energy Materials Research Center, China University of Petroleum (East China) employ-
ing a Thermo Fisher TALOS F200X. The acquisition and energy dispersive spectros-
copy were performed using the Thermo Fisher VELOX software. Select an appropriate
amount of FSCTs and truncate them using a fine-cutting tool to expose the internal
liquid. Use a calibrated micropipette to accurately aspirate the liquid inside the FSCTs,
and then slowly and evenly dropitontoa T mmx 1 mm carbon film. During the oper-
ation, avoid liquid splashing and bubble formation to ensure that the liquid spreads
evenly on the carbon film. Place the carbon film carrying the liquid underan infrared
lamp and use a drying time of 10 min. Control the distance between the infrared lamp
and the sample to ensure uniform heating of the sample, avoid damage to the sample
structure or change in composition due to excessive temperature, and ensure that the
sample is dry and structurally stable. After the sample is completely dry, itis carefully
loaded into the sample chamber of the transmission electron microscope (TEM) using
a special sample rod. We ensure that the sample is firmly fixed on the sample rod
to prevent displacement or detachment in a high-vacuum environment and under
electron beamirradiation. Brightfield imaging was carried out atan accelerating volt-
age of 200 kV by utilizing a 16-megabyte Ceta camera. By adjusting the position and
angle of the sample stage, select a representative sample area forimaging. Observe
the overall morphology of the sample at a low magpnification. After determining
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the area of interest, gradually increase the magpnification to obtain high-resolution
microstructural images. After completing the imaging, switch to the energy-dispersive
spectroscopy (EDS) mode. Focus the electron beam on the area of interest in the
sample and collect the X-ray energy-dispersive spectrum signals of this area. Setan
appropriate acquisition time (usually 100 to 200 s) to ensure sufficient counts and
improve the accuracy of elemental analysis. Process the EDS data through the Thermo
Fisher VELOX software to identify elemental characteristic peaks and determine the
types and relative contents of the elements contained in the sample.

Test of Postreaction Oil Using Gas Chromatography-Mass Spectrometry
(GC-MS). Postreaction oil samples from thermal experiments were analyzed using
gas chromatography-mass spectrometry (GC-MS) to identify compositional
changes and potential products. Oil samples were collected from FSCTs after
cooling to room temperature for analysis. GC-MS analysis was performed using
an Agilent 7890A gas chromatograph coupled to a 5975C mass spectrometer
equipped with an HP-5MS capillary column (30 m x 0.25 mm x 0.25 um film
thickness). Helium was used as the carrier gas. Mass spectra were acquired in
electron ionization mode (70 eV). Compound identification was performed by
comparing mass spectra with the NIST library database. Peak areas were inte-
grated to semiquantify changes in hydrocarbon composition and identify oxygen-
containing species formed during thermal treatment.

EPR Spectrum Measurements. The EPR spectra were recorded using an
EPR spectrometer (CIQTEK EPR200-Plus) with a continuous-wave X-band fre-
quency (~9.6 GHz). The modulation field amplitude, frequency, and microwave
power were set at 2 G, 100 kHz, and 2 mW (20 dB), respectively. For testing of
-OH, Au**-containing water was first injected into a fused silica capillary tube
(FSCT) with one end sealed for complete filling, then n-C;,H,, mixed with 5,
5-dimethyl-1-pyrroline-N-oxide (DMPO) was injected at different points of the
water column to create oil-water interfaces. The open end of the FSCT was then
sealed and placed inside the EPR system. For testing of electrons, n-Cy4H;, mixed
with TEMPO was injected into the water column. The EPR signals of each sample
were collected three times to obtain average values. Then, background correc-
tion was performed on the collected data using the signal of an empty FSCT as
reference, followed by baseline correction and smoothing.

Analysis of H,0, Using the PF-1 and AR/HRP Assay. AR solution (AR, 50
pmol/L), HRP solution (HRP, 5 ug/mL), H,0, solution (95 umol/L) were used for
testing of H,0, produced in this study. FSCTs containing multiple n-C; ;H,,-water
(with 10.8 ppm Au®*) interfaces were prepared and subjected to two heating-
cooling cycles (150 to 50 °C). The H,0, solution and postreaction fluids from the
FSCTs were added into separate AR solutions, and color change and fluorescence
spectra were analyzed. Subsequently, HRP solutions were added to both systems,
with further analysis of color change and fluorescence spectra.

Analysis of Color Change of Silicomolybdic Acid Solution. The color changes of
silicomolybdicacid (H,SiMo,,0,,) solution were investigated under different experi-
mental conditions to probe electron transfer. Two experimental setups were employed.
1) FSCT system: a control consisting of only aqueous silicomolybdic acid solution (4
g/L) and an n-Cy4H,,-aqueous silicomolybdic acid solution (4 g/L) loaded in fused
silica capillary tubes (FSCTs), progressively heated from room temperature to 200 °C
atarate of 5 °C/min; The in FSCT experiments were conducted in a manner similar to
the gold-producing system. 2) Sealed-glass vial system: Comparative experiments
included i) silicomolybdic acid solution (4 g/L) only, ii) silicomolybdic acid added to
n-Cy4Hs,, andiii) n-C,Hs,-aqueous silicomolybdicacid solution (4 g/L), each heated
at 180 °C for 30 mins. Argon was employed to remove residual air, and the vials were
shaken every few minutes to accelerate the reaction. The reduction of Mo(V1) to Mo(V)
was monitored by the appearance of a characteristic green-blue coloration, which was
documented by digital photography.

Data, Materials, and Software Availability. The data, figures, movies of thermal
experiments, SEM and TEM images, EDS compositions, postreaction oil composition,
EPR spectra, and color changes and associated fluorescence spectra of AR/HRP assay
that support the findings of the study are included in the article and/or S/ Appendix.
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