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1. I nt r o d u cti o n 

N utri e nt tr a n siti o n m et al s ar e k e y c o m p o n e nt s of bi ol o gi c al e n z y m e s 

a n d t h e e m er g e nt m et a b oli c p at h w a y s t h at s u st ai n Lif e a n d dri v e E art h ’s 

bi o g e o c h e mi c al  c y cl e s  ( e. g., M or el  a n d  Pri c e,  2 0 0 3;  F al k o w s ki  et  al., 

2 0 0 8 ). Ill u str ati v e of t h e vit al r ol e of tr a n siti o n m et al s i n bi ol o g y, M o 

e n a bl e s  bi ol o gi c al  u pt a k e  of  m ol e c ul ar  nitr o g e n  t h o u g h  it s  f u n cti o n al 

r ol e i n nitr o g e n a s e ( B ur g e s s a n d L o w e, 1 9 9 6 ). A d diti o n al M o- c o nt ai ni n g 
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2 0 1 6 ). M ol y b d e n u m-fr e e nitr o g e n a s e v ari a nt s c o nt ai ni n g V or r e d u c e d 

F e o nl y h a v e al s o b e e n i d e nti fi e d ( J o er g er et al., 1 9 8 8; Mill er a n d E a d y, 

1 9 8 8 ). T h e f o u n d ati o n al r ol e of M o a n d ot h er n utri e nt tr a n siti o n m et al s 

i n bi ol o gi c- a n d, p ot e nti all y, pr e bi oti c c h e mi str y u n d er s c or e s t h e n e e d 

f or a b ett er u n d er st a n di n g of t h e c o ntr ol s o n tr a n siti o n m et al a v ail a bilit y 

i n  v ari o u s  n at ur al  s y st e m s  a n d  e c ol o gi c all y  r el e v a nt  e n vir o n m e nt s 

t hr o u g h o ut g e ol o gi c al ti m e. 
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o xi d ati v e w e at h eri n g a n d t h e hi g h s ol u bilit y of m ol y b d at e ( M o O 4
2 − ) i n 

o xi di z e d a q u e o u s fl ui d s ( Mill er et al., 2 0 1 1; K e n d all et al., 2 0 1 7; Gr e a -

n e y et al., 2 0 1 8 ). H o w e v er, e x p eri m e nt al w e at h eri n g a n d i s ot o pi c m a s s 
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balance studies (Johnson et al., 2019, Johnson et al., 2021) indicate that 
these weathering fluxes would have been much reduced prior to wide
spread oxidation of Earth s continental surface environments the 
commonly referenced Great Oxidation Event (GOE) ~2.4 Ga ago 
(Holland, 2002; Canfield, 2005; Lyons et al., 2014) when Mo- 
dependent nitrogenase (Stüeken et al., 2015; Garcia et al., 2020; Par
sons et al., 2021) and other Mo-dependent enzymes (Schoepp-Cothenet 
et al., 2012; Weiss et al., 2016) are thought to have evolved. Conse
quently, it has been proposed that life was Mo- (and V-) limited prior to 
the GOE (e.g., Anbar and Knoll, 2002; Zerkle et al., 2006; Sanchez- 
Baracaldo et al., 2014), consistent with geochemical and Mo-isotope 
evidence from Archean Eon marine sedimentary rocks (Wille et al., 
2013) indicating that seawater was Mo-poor compared to modern, 
oxygenated oceans. 

In this context, it has been proposed that V- and Fe-only nitrogenases 
represent more primitive variants that evolved under low-Mo conditions 
characteristic of pre-GOE oceans (Anbar and Knoll, 2002). However, 
more in-depth genetic and phylogenetic investigations indicate that Mo- 
dependent nitrogenase is, in fact, ancestral to these metal-replaced al
ternatives (Raymond et al., 2004; Boyd et al., 2011; Garcia et al., 2020, 
2022). Further complicating this picture are demonstrations that Mo 
concentrations in modern anoxic aqueous environments are rarely, if 
ever, depleted to levels ( 5 nmol/kg; Zerkle et al., 2006) thought to be 
limiting for nitrogen fixation (Helz, 2021) and that mineral-bound forms 
of Mo, V, and Fe are sufficiently bioavailable for nitrogen fixation 
(Sheng et al., 2023). Because of these various complications, a better 
understanding of the quantities and forms of Mo and other transition 
metal inputs to the Archean Eon ocean is necessary to adequately 
characterize the environments in which these metal-dependent metab
olisms may have emerged and subsequently evolved. 

Seafloor hydrothermal vents are an important source of transition 
metals to the deep ocean and may represent an important source of Mo 
to the pre-GOE ocean characterized by lower Mo inputs from continental 
runoff, Mo-poor seawater compositions, and estimated greater hydro
thermal activity (e.g., Kamber, 2010). However, modern hydrothermal 
Mo fluxes are poorly constrained, having been overlooked in the context 
of much larger continental weathering fluxes (Miller et al., 2011; Ken
dall et al., 2017), obscured by high modern seawater concentrations 
(108 5 nmol/kg, Ho et al., 2018), and suffering from a lack of 
analytical attention to vent-fluid sampler precipitate fractions (so-called 
dregs ) into which Mo preferentially partitions (Trefry et al., 1994; 

Schmidt et al., 2007; Evans et al., 2023). The processes by which Mo 
may enter and be transported within seafloor hydrothermal systems are 
likewise poorly constrained. 

Here, we examine processes controlling Mo concentrations in sea
floor hydrothermal vent fluids through a series of 350 C, 500 bar hy
drothermal basalt alteration experiments, thermodynamic models of Mo 
speciation and mineral saturation, and comparisons of experimental 
reaction fluids and reacted solids with natural samples of seafloor hy
drothermal vent fluids, near-field sediment trap particles, and hydro
thermally altered oceanic crust. We additionally evaluate the extent to 
which these processes may impact understandings of hydrothermal Mo 
sources to modern oxygenated and ancient anoxic ocean environments. 
Data for V, W and other nutrient transition metals are also reported. 

2. Methods 

2.1. Hydrothermal experiments 

2.1.1. Experimental design 
Hydrothermal basalt alteration experiments were conducted at the 

University of Minnesota in a ~70 ml titanium-capped gold reaction cell 
(Seyfried et al., 1987) loaded into a Kuentzel-closure 316 stainless-steel 
pressure vessel (Parker Autoclave Engineers, Erie, PA, USA). Pressure 
was maintained at 500 1 bar by water-line connection to a Teledyne 
260D ISCO syringe pump (Teledyne ISCO, Lincoln NE, USA) calibrated 

against a 750-bar pressure gauge (Heise, Stratford, CT, USA). Temper
ature was maintained at 350 5 C by a custom-built resistance coil 
furnace linked to a proportional-integral-derivative temperature 
controller (Watlow, Winona, MN, USA) controlled and monitored 
through a type-K thermocouple (Omega Engineering, Norwalk, CT, 
USA) calibrated using a Hot Point Dry Bock calibrator (Omega Engi
neering, Norwalk, CT, USA). 

Solid reactants are 40.00 g No. 100 No. 35 sieve-size (150 500 m 
diameter) crushed seafloor basalt originally collected from the East 
Pacific Rise (EPR) (Cruise AT-37, Alvin Dive 4838, 09 50.13 N, 104
17.353 W). This sample is an aphanitic enriched mid-ocean ridge basalt 
containing plagioclase (labradorite), pyroxene (augite), and minor 
titanium-bearing magnetite. A more detailed petrologic description of 
this sample may be found in Perfit et al. (2003). 

Fluid reactants are alternately a (Na, K) Cl solution initially con
taining Na 540 mmol/kg, K 10 mmol/kg, and Cl 550 mmol/kg 
and a (Na, Ca) Cl solution initially containing Na 400 mmol/kg, Ca 
45 mmol/kg, and Cl 490 mmol/kg. The fluid:rock mass ratio was 
initially 1:1 but necessarily decreased as fluid samples were withdrawn, 
to a minimum of 0.76 at final sampling (see Results, Table 3). Experi
ments were run for 50 55 days, guided by previous hydrothermal basalt 
alteration experiments demonstrating near steady-state metal concen
trations after ~30 days of reaction at 350 C (Seewald and Seyfried, 
1990). 

2.1.2. Sample collection 
Fluid samples were collected from the gold cell reaction vessel 

through a titanium exit tube (outer diameter 1/4-inch (6.4 mm), inner 
diameter 1/16-inch (1.6 mm)) after flushing with ~1 ml reaction fluid 
to clear the exit tube of any materials deposited between samplings. 
Sample aliquots intended for metals analyses were collected using a 
separate gas-tight quick-quench Ti piston sampler that allowed for 
rapid extraction of experimental fluid samples (Xing et al., 2022). Use of 
quick-quench samplers is intended to prevent deposition of tempera

ture sensitive metals such as Mo and Cu in the sampling line. Metals 
samples were divided into a dissolved fraction obtained by pipetting 
fluid out of the piston sampler following sample cooling and depres
surization and a precipitate fraction obtained by rinsing the sampler 
volume and titanium tubing with 1 M HCl prepared from trace metal 
grade 12 N HCl (Fisher Scientific, Pittsburgh, PA, USA) and 18.2 
M cm 1 deionized water. The dissolved fraction was acidified to pH 
1 by addition of 1 M HCl, likewise prepared. Residual post-reaction solid 
materials were collected at the end of the experiment, rinsed with 18.2 
M cm 1 deionized water, dried initially in Ar at ~25 C and then dried 
more completely in air at 40 C. In preparation for elemental analyses, 
fluid samples were diluted ~100 in a 2% HNO3 matrix prepared from 
trace metal grade 70% HNO3 (Fisher Scientific, Pittsburgh, PA, USA) 
and 18.2 M cm 1 deionized water. Rock samples were digested using 
microwave assisted aqua regia HF digestion followed by boric acid HF 
neutralization (MARS 5, CEM Corp., Matthews, NC, USA) and diluted in 
2% trace metal grade HNO3 to a total dilution factor of ~15,000 for 
trace elements and ~10 million for major elements. 

2.2. Geochemical analyses 

2.2.1. Fluid chemistry 
Geochemical analyses of pre- and post-reaction fluids and solids were 

conducted at the University of Minnesota. Experimental reaction fluids 
were analyzed for pH by ROSS pH electrode (Thermo Fisher Scientific, 
Waltham, MA, USA), total dissolved sulfide by iodometric titration (U.S. 
EPA, Method 9034), H2 by gas chromatography (Agilent 6980, Santa 
Clara, CA, USA), and major anions by ion chromatography (Dionex ICS- 
5000, Thermo Fisher Scientific, Waltham, MA, USA). Analytical details 
are provided in Supplementary Materials. 
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2. 2. 2. El e m e nt al a n al ys es 

El e m e nt al  a n al y s e s  of  r e a cti o n  fl ui d  a n d  r o c k  s a m pl e s  w er e  c o n -

d u ct e d  u si n g  a  tri pl e  q u a dr u p ol e  i n d u cti v el y  c o u pl e d  pl a s m a  m a s s 

s p e ctr o m et er ( T Q-I C P- M S) (i C A P- T Q, T h er m o Fi s h er S ci e nti fi c i C A P T Q, 

W alt h a m, M A, U S A). El e m e nt al a n al y s e s w er e c ali br at e d u si n g m atri x- 

m at c h e d  c ali br ati o n  li n e s  pr e p ar e d  fr o m  NI S T-tr a c e a bl e  si n gl e-  a n d 

m ulti- el e m e nt st a n d ar d s ( S P E X C erti Pr e p, M et u c h e n, N J, U S A) a n d S c, 

Y, Ir i n-li n e i nt er n al st a n d ar d s. D at a q u alit y i s e v al u at e d b y r e c o v er y of 

gr a vi m etri c all y pr e p ar e d m atri x- m at c h e d c h e c k s a m pl e s f or fl ui d s a n d 

c o n c urr e nt  a n al y s e s of  U S G S  st a n d ar d  r ef er e n c e  m at eri al  B H V O- 1  f or 

r o c k s. Fl ui d m et al c o n c e ntr ati o n s w er e r e c o n str u ct e d b y m at h e m ati c al 

a d diti o n of “ di s s ol v e d ” a n d “ pr e ci pit at e ” fr a cti o n s. 

2. 2. 3. El e ctr o n mi cr o pr o b e a n al ysis 

S el e ct e d ali q u ot s of u nr e a ct e d a n d r e a ct e d b a s alt w er e m o u nt e d i n 

e p o x y a n d pr e p ar e d a s 3 0- µ m t hi n s e cti o n s. El e ctr o n mi cr o pr o b e a n a -

l y s e s ( E M P A) of m aj or a n d mi n or el e m e nt s ( Si, Al, C a, F e, M g, N a, Ti, 

M n, K, Cr) w er e p erf or m e d at t h e U ni v er sit y of Mi n n e s ot a u si n g a J X A- 

8 5 3 0 F P L u s El e ctr o n Pr o b e ( J E O L, T o k y o, J a p a n). A n al y si s s p ot si z e w a s 

3 µ m; b e a m e n er g y w a s 1 5 k V; c o u nt ti m e s r a n g e d b et w e e n 1 0 a n d 2 0 s; 

s p e ctr a w er e c oll e ct e d o n T A P, P E T L, T A P L, a n d LI F L cr y st al s. C ali br a -

ti o n  i s  b a s e d  o n  a  s et  of  i n- h o u s e  sili c at e  a n d  o xi d e  st a n d ar d s.  B a c k -

s c att er el e ctr o n i m a g e s w er e al s o c oll e ct e d. 

2. 3.  N at ur al s a m pl es 

T o b ett er c o nt e xt u ali z e r e s ult s fr o m h y dr ot h er m al e x p eri m e nt s a n d 

t o pr o vi d e gr e at er i n si g ht i nt o t h e b e h a vi or of n at ur al s y st e m s, e x p eri -

m e nt all y d eri v e d fi ui d a n d s oli d s a m pl e s ar e c o m p ar e d t o n at ur al s a m -

pl e s  of  s e a fl o or  h y dr ot h er m al  fl ui d s,  p arti cl e s  c oll e ct e d  i n  n e ar- fl el d 

s e di m e nt tr a p s, a n d h y dr ot h er m all y alt er e d o c e a ni c cr u st. S e a fl o or h y -

dr ot h er m al fl ui d s  ar e  r e pr e s e nt e d  b y p u bli s h e d  a n al y s e s a n d  a  r e c e nt 

ti m e  s eri e s  of  ni n e  2 8 1– 3 0 4 ◦ C  v e nt  fl ui d  s a m pl e s  c oll e ct e d fr o m  t h e 

M ai n E n d e a v o ur Fi el d ( M E F) ( 4 7 ◦ 5 7 ′ N, 1 2 9 ◦ 0 6 ′ W, ~ 2 2 0 0 m w at er 

d e pt h)  fr o m  O ct o b er  2 0 1 9  t o  M a y  2 0 2 0  ( S e yfri e d  et  al., 2 0 2 2;  E v a n s 

et al., 2 0 2 3 ). A s e vi d e n c e d b y l o w M g c o n c e ntr ati o n s, t h e s e v e nt fl ui d 

s a m pl e s  e x hi bit  littl e-t o- n o  c o nt a mi n ati o n  b y  s urr o u n di n g  s e a w at er 

(S e yfri e d et al., 2 0 2 2 ) a n d c o nt ai n 2 9– 2 2 0 n m ol / k g M o ( E v a n s et al., 

2 0 2 3 ), a r a n g e w hi c h s p a n s m o d er n s e a w at er ( M o = 1 0 8 ± 5 n m ol / k g, 

H o et al., 2 0 1 8 ). S e di m e nt tr a p s a m pl e s fr o m r o u g hl y t h e s a m e r e gi o n of 

M E F w er e c oll e ct e d i n 2 0 1 4 – 2 0 1 5 ( Fi g. 1 ; C o o g a n et al., 2 0 1 7 ). 

T h e b e h a vi or of M o i n t h e s u b s urf a c e i s e x a mi n e d b y r ef er e n c e t o 

s a m pl e s c oll e ct e d fr o m Pit o D e e p Rift ( Fi g. 2 A), a t e ct o ni c wi n d o w t h at 

e x p o s e s ~ 3 M a alt er e d o c e a ni c cr u st ori gi n all y f or m e d at t h e s o ut h er n 

E a st P a ci fl c Ri s e. S e v er al s a m pl e s c o nt ai n el e v at e d M o c o n c e ntr ati o n s u p 

t o 9. 2 6 µ g / g M o ( Fi g. 2 B; Z h u, 2 0 1 6 ). O n e of t h e s e M o- e nri c h e d s a m pl e s, 

0 2 2 2 0 5- 0 8 5 2 ( 2 2 ◦ 5 5. 4 4 ′S, 1 1 1 ◦ 5 2. 8 ′W, 3 1 9 7 m b sl, H eft et al., 2 0 0 8 ), 

w a s  s el e ct e d  f or  s y n c hr otr o n- b a s e d  a n al y si s.  T h e s el e ct e d  s a m pl e  i s  a 

pl a gi o cl a s e- p h yri c n or m al mi d- o c e a n ri d g e b a s alt c o nt ai ni n g s e c o n d ar y 

Fi g. 1. ( A) L a b el e d b at h y m etri c m a p of M ai n E n d e a v o ur Fi el d s h o wi n g hi st ori c al v e nt / d e p o sit str u ct ur e n a m e s ( D el a n e y et al., 1 9 9 2 ) a n d i nfr a str u ct ur e of O c e a n 

N et w or k C a n a d a ’s N E P T U N E c a bl e d o b s er v at or y ( K ell e y et al., 2 0 1 4 ) a s w ell a s t h e l o c ati o n s of ( B) s e di m e nt tr a p s a m pl e s c oll e ct e d i n 2 0 1 4 – 2 0 1 5, ~ 4 0 m s o ut h of 

t h e Gr ott o v e nt d e p o sit (C o o g a n et al., 2 0 1 7 ) a n d ( C) v e nt fl ui d ti m e s eri e s c oll e ct e d i n 2 0 1 9 – 2 0 2 0 ( S e yfri e d et al., 2 0 2 2 ). 
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pl a gi o cl a s e,  a m p hi b ol e,  c hl orit e,  a n d  r ar e  e pi d ot e  c oll e ct e d  fr o m  t h e 

s h e et e d di k e s e cti o n, 3 9 2 m b el o w t h e l a v a- di k e tr a n siti o n, ( H eft et al., 

2 0 0 8 ). It c o nt ai n s 4. 6 µ g / g M o ( Z h u, 2 0 1 6 ). 

2. 4. S y n c hr otr o n- b as e d a n al ys es 

S a m pl e s  of  pr e-  a n d  p o st-r e a ct e d  E P R  b a s alt  w er e  pr e p ar e d  f or 

s y n c hr otr o n- b a s e d  a n al y s e s  at  t h e  A d v a n c e d  P h ot o n  S o ur c e,  Ar g o n n e 

N ati o n al  L a b or at or y,  Ar g o n n e,  I L,  U S A,  b e a mli n e  1 3-I D- E,  u si n g  a  Si 

( 1, 1, 1)  d o u bl e  cr y st al  m o n o c hr o m at or  a n d  a  C a n b err a  S X D- 7  1 6- 

el e m e nt  G e  ( 3, 3, 1)  d et e ct or.  I n c o mi n g  b e a m  e n er g y  f or  mi cr o- X-r a y 

fl u or e s c e n c e ( µ - X R F) m a p s w a s 2 0 k e V. D at a w er e pr o c e s s e d u si n g t h e 

L ar c h a n al y si s p a c k a g e ( N e w vill e, 2 0 1 3 ). 

S p e ctr a  f or  M o  k- e d g e  X-r a y  a b s or b a n c e  n e ar- e d g e  str u ct ur e  ( M o- 

X A N E S) a n al y s e s w er e c oll e ct e d i n t h e pr e- e d g e ( 1 9. 9 0 0 – 1 9. 9 9 0 k e V; 

2. 5 e V r e s ol uti o n), n e ar- e d g e ( 1 9. 9 9 0 – 2 0. 0 2 5 k e V; 0. 2 5 e V r e s ol uti o n), 

a n d E X A F S ( 2. 5 6 2 – 8. 0 0 0 A − 1 ; 0. 1 A− 1 r e s ol uti o n) r e gi o n s of t h e M o k- 

e d g e a d s or pti o n p e a k. E n er g y c ali br ati o n w a s p erf or m e d b y a s si g ni n g 

t h e  m a xi m u m  w hit e  li n e  of  M o-f oil  a n al y z e d  i n  t h e  s a m e  s e s si o n  t o 

2 0. 0 0 0  k e V,  r e s ulti n g  i n  a  E 0 s hift  of + 2. 9 9 8  e V.  St a n d ar d s  i n cl u d e 

n at ur al  m ol y b d e nit e  ( V W R,  R a d n or,  P A,  U S A)  a n d  s y nt h eti c 

( N H 4 )2 M o O 4 ,  ( N H4 ) 2 M o S 4 ,  M o O2 ,  a n d  M o O3 ( Fi s h e r  S ci e nti fi c,  Pitt s -

b ur g h, P A, U S A). F or µ - X R F m a p s, i nt erf er e n c e s o n t h e M o k a c h a n n el 

( 1 7. 0 3 0– 1 7. 7 1 0 k e V) b y Zr k b 1 fl u or e s c e n c e at 1 7. 6 6 8 2 k e V w er e c or -

r e ct e d b y r ef er e n c e t o t h e Zr k a c h a n n el ( 1 5. 5 1 0 – 1 6. 0 3 0 k e V). 

2. 5.  T h er m o d y n a mi c m o d eli n g 

T h er m o d y n a mi c  m o d eli n g  w a s  p erf or m e d  u si n g  G e o c h e mi st s ’ 

W or k b e n c h ( G W B) ( B et h k e a n d Y e a k el, 2 0 1 2 ) a n d a 5 0 0- b ar t h er m o -

d y n a mi c d at a b a s e g e n er at e d b y P y G e o c h e m C al c ( A w ol a y o a n d T ut ol o, 

2 0 2 2 ).  T h er m o d y n a mi c d at a  f or a q u e o u s  s p e ci e s  g e n er all y f oll o w t h e 

H el g e s o n- Kir k h a m- Fl o w er s ( H K F) e q u ati o n of st at e m o d el ( T a n g er a n d 

H el g e s o n, 1 9 8 8; S h o c k a n d H el g e s o n, 1 9 8 8; S h o c k et al., 1 9 8 9; S h o c k 

a n d H el g e s o n, 1 9 9 0 ). T h er m o d y n a mi c d at a f or M o s p e ci e s w er e c al c u -

l at e d u si n g t h e U nit h er m m o d ul e of H C h (S h v ar o v, 2 0 0 8 ) b a s e d o n d at a 

fr o m R o bi e a n d H e mi n g w a y ( 1 9 9 5) f or m ol y b d e nit e, S h o c k et al. ( 1 9 9 7) 

f or  M o O4
2 − , Mi n u b a y e v a  a n d  S e w ar d  ( 2 0 1 0) f or  H M o O4

− a n d 

H 2 M o O 4 ( a q), a n d S h a n g et al. ( 2 0 2 0) f or N a H M o O4 . I n k e e pi n g wit h t h e 

m o st  c o m m o n  pr a cti c e  f or  d eri vi n g  t h er m o d y n a mi c  pr o p erti e s  of 

a q u e o u s  s p e ci e s  fr o m  e x p eri m e nt al  d at a,  n e utr al  s p e ci e s  ar e  a s si g n e d 

u nit a cti vit y c o ef fi ci e nt s. R el e v a nt d at a b a s e s, i n p ut a n d o ut p ut fll e s ar e 

i n cl u d e d i n S u p pl e m e nt ar y M at eri al s . 

3.  R e s ult s 

3. 1.  C o m p ositi o n of E ast P a ci fl c Ris e B as alt 

B ul k  g e o c h e mi c al  a n al y s e s  of  E P R  b a s alt  ( B E P R)  ar e  pr e s e nt e d  i n 

T a bl e 1 ; m aj or a n d mi n or el e m e nt c o m p o siti o n s of c o n stit u e nt mi n er al 

p h a s e s ar e pr e s e nt e d i n T a bl e 2 . S oli d p h a s e s i n cl u d e pl a gi o cl a s e wit h a n 

a v er a g e  c o m p o siti o n  of  N a 0. 3 5 C a 0. 6 5 Al 1. 6 5 Si 2. 3 5 O 8 ,  p y r o x e n e  wit h  a n 

a v er a g e c o m p o siti o n of C a 0. 3 4 M g 0. 4 7 F e 0. 1 9 Si O 3 , a n i nt e r stiti al q u e n c h e d 

m elt p h a s e e x hi biti n g q u e n c h t e xt ur e s of bi m o d al M g-ri c h a n d M g- p o or 

c o m p o siti o n s, a n d mi n or tit a ni u m- b e ari n g m a g n etit e c o nt ai ni n g 1 1 – 1 2 

wt % Ti a n d 0. 4 – 0. 5 wt % M n ( T a bl e 2 ). C o m p ar e d t o s urr o u n di n g mi n -

er al s, q u e n c h e d m elt i s e nri c h e d i n i n c o m p ati bl e el e m e nt s, N a a n d K, 

a n d pr ef er e nti all y r e a ct s d uri n g h y dr ot h er m al alt er ati o n ( Fi g. 3 ). 

T h e i niti al B E P R s a m pl e c o nt ai n s 3. 3 ± 0. 1 µ g / g M o, w hi c h i s s u b -

st a nti all y  hi g h er  t h a n  t h e  a v er a g e  mi d- o c e a n  ri d g e  b a s alt  ( M O R B) 

c o m p o siti o n  of  M o = 0. 4 6 ± 0. 0 5 µ g / g  a n d  t h e  e nri c h e d  M O R B 

c o m p o siti o n of M o = 0. 8 ± 0. 2 µ g / g ( G al e et al., 2 0 1 3 ). S u b s e q u e nt t e st s 

i n di c at e  t h at  M o  e nri c h m e nt  i n  B E P R  i s  n ot  t h e  r e s ult  of  l a b or at or y 

c o nt a mi n ati o n  ( S u p pl e m e nt ar y  M at eri al s )  a n d  p er h a p s  r e fl e ct  i n -

t er a cti o n s wit h M o-ri c h s e a w at er d uri n g a n d aft er er u pti o n at t h e s e a -

fl o or  ( P er flt  et  al.,  2 0 0 3 ). W hil e hi g h er  t h a n e x p e ct e d, w e  e m p h a si z e 

Fi g. 2. ( A) S u m m ar y s u b m er si bl e i n v e sti g ati o n s of Pit o D e e p Rift, Ar e a B: J a s o n II Tr a n s e ct s, Al vi n Di v e s fr o m Pit o D e e p Cr ui s e A T 1 1- 2 3 i n 2 0 0 5 a n d N a util e di v e s 

(fr o m H e ki ni a n et al., 1 9 9 3 ). A p pr o xi m at e l o c ati o n of s a m pl e 0 2 2 2 0 5 – 0 8 5 2 s h o w n b y r e d cir cl e. Fi g ur e m o di fl e d fr o m ori gi n al b y J eff K ar s o n. ( B) M ol y b d e n u m 

c o n c e ntr ati o n s i n h y dr ot h er m all y alt er e d o c e a ni c cr u st fr o m Pit o D e e p Rift pl ott e d a g ai n st a p pr o xi m at e str ati gr a p hi c d e pt h r el ati v e t o t h e l a v a- di k e tr a n siti o n z o n e. 

T h e l a v a- di k e tr a n siti o n i s i d e nti fl e d a s t h e d e e p e st o b s er v ati o n of a l a v a f or e a c h s u b m er si bl e tr a n s e ct; ori gi n al w at er d e pt h i s 2 6 0 0 – 4 2 0 0 m b el o w s e a l e v el ( H eft 

et al., 2 0 0 8 ). S a m pl e 0 2 2 2 0 5- 0 8 5 2 s el e ct e d f or s y n c hr otr o n a n al y si s, w hi c h c o nt ai n s 4. 6 µ g / g M o ( Z h u, 2 0 1 6 ), i s hi g hli g ht e d wit h a r e d cir cl e. T h e d a s h e d bl a c k li n e 

a n d gr a y b ar i n di c at e t h e e sti m at e d fr e s h-r o c k M o c o n c e ntr ati o n s of 0. 5 ± 0. 1 µ g / g b a s e d o n Y b c o n c e ntr ati o n s i n h y dr ot h er m all y alt er e d s a m pl e s a n d c o v ari ati o n of 

Y b a n d M o i n fr e s h mi d- o c e a n ri d g e b a s alt gl a s s e s ( Z h u, 2 0 1 6 ). S a m pl e s w er e ori gi n all y s el e ct e d f or a st u d y f o c u s e d o n s u b s urf a c e m et al e nri c h m e nt s a n d m a y 

t h er ef or e b e bi a s e d t o w ar d M o- e nri c h e d s a m pl e s. ( F or i nt er pr et ati o n of t h e r ef er e n c e s t o c ol or i n t hi s fl g ur e l e g e n d, t h e r e a d er i s r ef err e d t o t h e w e b v er si o n of 

t hi s arti cl e.) 
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that BEPR Mo concentrations are naturally occurring and not suffi
ciently anomalous to alter our interpretations. 

Electron microprobe analyses of pre- and post-reaction BEPR sam
ples indicate that the chemical compositions of mineral grain interiors 
change little during hydrothermal reaction. However, reacted surfaces 
and fine-grained secondary phases are evident in backscatter electron 
microscopy images (Fig. 3). Unfortunately, these secondary phases 
could not be directly analyzed by EMPA owing to small grain sizes and 
related difficulty in achieving a sufficient polished surface area. 

3.2. Experimental fluid chemistry 

Measured pH, H2, H2S, and SiO2 of reaction fluids obtained from 
hydrothermal basalt alteration experiments (Table 3) are generally 
consistent with those of reversible hydrothermal basalt alteration ex
periments (e.g., Seyfried and Janecky, 1985; Seewald and Seyfried, 

1990) indicating achievement of a quasi-equilibrium rock-buffered 
steady state condition. Compared to initial fluids, reaction fluids exhibit 
lower pH and elevated H2S, H2, Si, Al, and transition metal concentra
tions. Basalt reaction with a (Na, K) Cl fluid at 350 C, 500 bar leads to a 
32.9 mmol/kg decrease in Na approximately balanced by a 23.9 mmol/ 
kg increase in K, and a 4.5 mmol/kg increase in Ca (Table 3). Reaction 
with a (Na,Ca) Cl fluid leads to a 29.6 30.1 mmol/kg decrease in fluid 
Ca approximately balanced by a 25.7 mmol/kg increase in K and a 36 
mmol/kg increase in Na (Table 3). Fluid pH is lower than that obtained 
from reaction with the (Na, K) Cl fluid, consistent with expectations 
based on the plagioclase (anorthite) epidote (clinozoisite) pH buffering 
reaction of Berndt et al., (1989): 

Magnesium concentrations are 0.01 0.03 mmol/kg, which agrees 
well with results obtained from previous basalt alteration experiments 

Table 1 
Elemental analyses of East Pacific Rise basalt (BEPR) and USGS Standard Reference Material (BHVO-1) analyzed by inductively coupled plasma mass spectrometry 
(ICP-MS) at the University of Minnesota compared with published values for BHVO-1 from Jochum et al. (2016). BHVO-1 error is calculated as the concentration- 
normalized difference between ICP-MS analyses and published values for BHVO-1. 1 is one standard deviation uncertainty based on ICP-MS count rates.    

BEPR BHVO-1 BHVO-1 BHVO-1   
ICP-MS ICP-MS published Error  

Unit Average 1 Average 1 Average 1

Major Elements 
SiO2 wt % 48.9 0.3 49.4 4.4 49.8 0.12 1% 
Al2O3 wt % 14.3 0.7 14.0 0.2 13.7 0.05 2% 
CaO wt % 12.1 0.2 10.9 0.4 11.4 0.04 4% 
Fe2O3 (T) wt % 11.4 0.5 13.0 0.1 12.3 0.04 6% 
MgO wt % 7.9 0.3 7.5 0.1 7.2 0.032 4% 
Na2O wt % 3.53 0.25 2.28 0.03 2.31 0.022 1% 
TiO2 wt % 1.37 0.02 2.81 0.05 2.74 0.012 2% 
MnO wt % 0.17 0.01 0.17 0.00 0.17 0.0011 1% 
K2O wt % 0.14 0.02 0.49 0.04 0.53 0.0046 7% 
Total wt % 99.8   100.7   100.2     

Trace Transition Metals 
V g/g 308 4 278 19 314 3 12% 
Cr g/g 332 4 314 5 288 4 9% 
Co g/g 55 1 46 1 45 0 3% 
Ni g/g 96 1 118 1 120 2 2% 
Cu g/g 109 2 160 2 137 2 16% 
Zn g/g 101 2 157 3 105 2 49% 
Mo g/g 3.3 0.1 1.0 0.1 1.1 0.1 9% 
Cd ng/g 432 16 269 16 107 13 151% 
W ng/g 328 14 104 9 212 12 51%  

Trace Alkali Metals 
Li g/g 4.3 0.52 4.68 0.48 4.68 0.09 0% 
Rb g/g 2.01 0.05 9.80 0.07 9.52 0.1 3% 
Cs ng/g 19 3 93 5 103 3 10%  

Table 2 
Electron microprobe analyses of solid phases in East Pacific Rise Basalt. Compositions of quenched melt phases exhibit variable compositions that generally correlate 
with MgO content. Representative compositions interpolated to 8 wt% and 1 wt% MgO are tabulated. Magnetite compositions are based on electron microprobe spot 
analyses centered on magnetite grains, extrapolated to SiO2 0 wt%. LOD Limit of Detection.   

LOD Plagioclase Pyroxene Quenched Melt Magnetite  

wt % Average 1 Average 1 MgO 8 wt%  MgO 1 wt% SiO2 0 

SiO2  0.02  50.2 1.3  46.9 1.1  50.5 54.7 0.0 
Al2O3  0.02  29.5 0.9  5.5 1.1  15.0 23.4 2.6 
CaO  0.01  13.4 0.7  17.1 1.60  13.4 9.0 0 
FeO  0.03  1.0 0.2  11.7 2.96  7.0 2.8 74.3 
MgO  0.01  0.3 0.0  14.5 2.0  8.0 1.0 0 
Na2O  0.01  3.94 0.42  0.33 0.1  2.9 5.9 0 
TiO2  0.01  0.08 0.03  1.61 0.34  0.90 0.3 18.23 
MnO  0.03  0.01 0.01  0.27 0.08  0.16 0.0 0.56 
K2O  0.01  0.06 0.02  0.01 0.0  0.1 0.4 0 
Total   98.6    97.9    97.9   97.5 95.7  
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i n v ol vi n g  M g-fr e e  ( N a Cl  s ol uti o n)  a n d  M g- c o nt ai ni n g  (i. e.,  arti fl ci al 

s e a w at er) st arti n g fi ui d s. ( S e yfri e d a n d Bi s c h off, 1 9 8 1 ). 

Tr a c e  tr a n siti o n  m et al  c o n c e ntr ati o n s  ar e  r e m ar k a bl y  c o n si st e nt 

b et w e e n t w o s a m pl e s t a k e n fr o m t h e ( N a, C a) Cl e x p eri m e nt a n d li k e wi s e 

c o m p ar a bl e t o r e s ult s fr o m t h e ( N a, K) Cl e x p eri m e nt, i n di c ati n g o v er all 

e x c ell e nt  r e p e at a bilit y  of  s a m pli n g  a n d  a n al yti c al  m et h o d s  ( T a bl e  3 ). 

M o st tr a n siti o n m et al s i n v e sti g at e d ( V, Cr, M n, F e, C o, Ni, C u, Z n, a n d 

C d) ar e pr e s e nt i n hi g h er c o n c e ntr ati o n s i n t h e ( N a, C a) Cl r e a cti o n fl ui d 

t h a n  i n  t h e  ( N a, K)  Cl  r e a cti o n  fi ui d,  w h er e a s  W  c o n c e ntr ati o n s  ar e 

hi g h er  i n  t h e  ( N a, K)  Cl  r e a cti o n  fl ui d,  a n d  M o  c o n c e ntr ati o n s  ar e 

g e n er all y t h e s a m e i n fl ui d s fr o m b ot h e x p eri m e nt s. T h e m aj or fr a cti o n 

of tr a n siti o n m et al s pr e s e nt i n t h e e x p eri m e nt al s y st e m r e m ai n s i n t h e 

s oli d, h o w e v er, wit h t y pi c al e xtr a cti o n ef fl ci e n ci e s < 5 % ( T a bl e 4 ). T h e 

e xtr a cti o n  ef fl ci e n c y  of  M n  i s  s o m e w h at  hi g h er  t h a n  ot h er  tr a n siti o n 

m et al s i n v e sti g at e d; 7 % i n t h e ( N a, K) Cl e x p eri m e nt a n d 1 5 % i n t h e ( N a, 

C a)  Cl  e x p eri m e nt.  F or  c o m p ari s o n,  t h e  e xtr a cti o n  ef fl ci e n c y  of  t h e 

hi g hl y s ol u bl e Li a n d K ar e 7 8 – 8 5 % a n d 8 5 – 9 1 %, r e s p e cti v el y ( T a bl e 4 ). 

W h er e c o m p ar a bl e d at a e xi st ( M n, F e, C u, Z n), fl ui d m et al c o n c e n -

tr ati o n s r e s e m bl e t h o s e c oll e ct e d fr o m pr e vi o u s 3 5 0 ◦ C r e a cti o n e x p er -

i m e nt s (S e yfri e d a n d J a n e c k y, 1 9 8 5; S e e w al d a n d S e yfri e d, 1 9 9 0 ). Ot h er 

el e m e nt s — V,  Cr,  C o,  Ni,  M o,  C d,  a n d  W — h a v e  n ot  b e e n  pr e vi o u sl y 

m e a s ur e d  i n  r e a cti o n s  fl ui d s  fr o m  h y dr ot h er m al  b a s alt  alt er ati o n  e x -

p eri m e nt s  b ut  ar e  g e n er all y  c o n si st e nt  wit h  e x p e ct ati o n s  b a s e d  o n 

m e a s ur e m e nt s of n at ur al s e a fl o or h y dr ot h er m al fl ui d s ( e. g., J a m e s et al., 

1 9 9 5;  M et z  a n d  Tr efr y,  2 0 0 0;  Di e hl  a n d  B a c h,  2 0 2 0 a n d  r ef er e n c e s 

t h er ei n; E v a n s et al., 2 0 2 3 ). 

3. 3.  Mi cr o- X R F a n d X A N E S a n al ys es 

M ol y b d e n u m w a s n ot d et e ct e d i n µ - X R F  m a p s of u nr e a ct e d B E P R. 

Att e m pt e d M o k- e d g e X A N E S s p ot a n al y s e s of Ti-ri c h ( m a g n etit e), R b- 

ri c h ( gl a s s), a n d C u- a n d S-ri c h ( s ul fi d e) r e gi o n s of s p e ctr al m a p s di d 

n ot yi el d di sti n ct M o k- e d g e a d s or pti o n e d g e s e x c e pt f or a f e w p o orl y 

r e s ol v e d a b s or pti o n e d g e s o n Ti-ri c h s p ot s, i n di c ati n g t h at M o c o n c e n -

tr ati o n s ar e b el o w or at m o st si mil ar t o t h e e sti m at e d d et e cti o n li mit of 

~ 1 0 µ g / g. 

I n c o ntr a st, M o w a s d et e ct e d i n µ - X R F m a p s of alt er e d B E P R s a m pl e s 

fr o m  t h e  ( N a, C a) Cl  e x p eri m e nt  a s  n u m er o u s  M o-ri c h  p arti cl e s  wit h 

cr o s s- s e cti o n al di a m et er s of ~ 1 0 µ m ( Fi g. 4 ). M o- X A N E S s p e ctr a fr o m 

t h e s e  s p ot s  e x hi bit  cl e ar  M o  a d s or pti o n  e d g e s  (Fi g.  6 ),  d e fl niti v el y 

Fi g. 3. C o m p ari s o n of mi cr o X-r a y fl u or e s c e n c e ( µ - X R F) m a p s a n d b a c k s c att er el e ctr o n i m a g e s of u n alt er e d b a s alt ( A a n d B) a n d b a s alt r e a ct e d wit h ( N a, C a) Cl 

s ol uti o n at 3 5 0 ◦ C ( C a n d D) s h o w s r e m o v al /r e a cti o n of K-ri c h q u e n c h m elt p h a s e ( c o m p ar e A a n d C) a n d pr e s e n c e of fl n e- gr ai n e d s e c o n d ar y mi n er al s ( 2 n d) i n 

r e a ct e d s a m pl e s ( D). T h e i d e ntit y of s e c o n d ar y mi n er al s i s u n c ert ai n, b ut m o st li k el y c hl orit e b a s e d o n m or p h ol o gi c al a n d o pti c al c h ar a ct eri sti c s. I m a g e wi dt h of 

µ - X R F m a p s i s 1 m m; c ol or s c h e m e i s K (r e d), C a ( gr e e n), F e ( bl u e); pl a gi o cl a s e a p p e ar s a s bri g ht gr e e n, p yr o x e n e a s d ull gr e e n, m a g n etit e a s bl u e, a n d q u e n c h e d m elt 

a s r e d / m a g e nt a; i n c o mi n g b e a m e n er g y i s 7 k e V. I m a g e wi dt h of b a c k s c att er e d el e ctr o n i m a g e s i s 1 0 0 µ m. Pl = pl a gi o cl a s e; P x = p yr o x e n e; Q M elt = q u e n c h e d m elt; 

M a g = m a g n etit e;  2 n d = s e c o n d ar y  mi n er al s.  ( F or  i nt er pr et ati o n  of  t h e  r ef er e n c e s  t o  c ol or  i n  t hi s  fl g ur e  l e g e n d,  t h e  r e a d er  i s  r ef err e d  t o  t h e  w e b  v er si o n  of 

t hi s arti cl e.) 
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confirming the presence of Mo. Molybdenum was also detected in -XRF 
maps of altered seafloor basalt from Pito Deep Rift (Fig. 5). As with the 
experimental sample, Mo occurs as small Mo-rich particles that yield 
clear Mo k-edge adsorption peaks (Fig. 6). Unfortunately, the small size 
of these particles, which approached the spatial precision of the sam
pling stage, and limited analytical time precluded collection of sufficient 
spectra to definitively identify the Mo phase relative to measured stan
dards. Altered basalt from the (Na,K)Cl experiment was not analyzed 
based on similar limitations. 

3.4. Molybdenum solubility calculations 

Calculations of aqueous speciation based on thermodynamic data 
contained in the employed 500-bar database (Section 2.5) indicate that 
in situ pH is pH350 C 6.2 for the (Na,K)Cl reaction fluid and pH350 C 
5.6 for the (Na,Ca)Cl reaction fluid (Table 3). Based on measured H2 and 
H2S, both fluids are calculated to be in the magnetite stability field and 
saturated with respect to magnetite, quartz, chalcopyrite, bornite, pyr
rhotite, molybdenite, and numerous silicate minerals associated with 
hydrothermal environments including epidote, clinozoisite, plagioclase 
solid solutions, and hedenbergite. The predicted dominant species of Mo 
at in situ conditions is NaHMoO4. Calculated Mo solubility with respect 
to molybdenite is 283 nmol/kg for the (Na,K) Cl reaction fluid and 69 
nmol/kg for the (Na,Ca) Cl reaction fluid. These predictions are signif
icantly less than measured values of 801 nmol/kg and 775 797 nmol/kg 
for the (Na,K) Cl and (Na,Ca) Cl experiments, respectively, and indicate 
that solubility models contain a pH dependence of Mo solubility that is 
not observed in experimental reaction fluids. 

4. Discussion 

4.1. Transition metals in hydrothermal fluids 

Previous experimental studies designed to reproduce seafloor hy
drothermal fluids suggest that transition metal concentrations, and the 
effects of fluid temperature, salinity, pH, and other chemical parameters 
(e.g., fO2 , fS2 ) can be attributed to a near-equilibrium chemical states 
achieved between high-temperature aqueous fluids and buffering min
eral assemblages. Examples include magnetite chlorite amphibole for 
Mn and Fe (Seyfried and Ding, 1995; Pester et al., 2011) and chalco
pyrite for Cu (Seyfried and Ding, 1993). Transition metal concentrations 
in seafloor vent fluids are additionally controlled by near surface pro
cesses that deposit or remobilize seafloor or subseafloor sulfide deposits, 
as demonstrated by analyses of fluids from the TAG hydrothermal field 
on the Mid-Atlantic Ridge (Tivey et al., 1995) and the 2019 2020 series 
of vent fluids collected from Main Endeavour Field (Evans et al., 2023), 
among numerous other studies of seafloor vent fluids (e.g., Hannington 
et al., 1998; Petersen et al., 2005; Klose et al., 2022). 

4.1.1. Chloride complexed transition metals 
Thermodynamic data indicate that many transition metals, including 

Mn, Fe, Ni, Co, Cu, Zn, and Cd, occur as neutral chloride complexes at in 
situ hydrothermal conditions. Dissolution of such metals can be repre
sented by the equation: 

Table 3 
Measured chemistry of hydrothermal reaction fluids. ‘bql is below the quanti
tative limit, or 10 standard deviations above blank levels.    

BEPR 350 (Na,K)Cl BEPR 350 (Na,Ca)Cl   

Starting 
Fluid 

Reaction 
Fluid 

Starting 
Fluid 

Reaction Fluid 

Duration days 0 50 0 53 55 
Temp. C 25 350 25 350 350 
Fluid: 

Rock 
g/g 0.98 0.76 1.1 1.1 0.85 

pH at 25 C 5.9 5.4 5.5 
pH at 

350 C 
6.2 5.6 5.6 

H2 mmol/ 
kg 

0.23 0.47 0.31 

H2S mmol/ 
kg 

3.57 3.12 

Cl mmol/ 
kg 

547 547 491 491 491 

Na mmol/ 
kg 

537 504 402 437 438 

Mg mmol/ 
kg 

0.01 0.03 0.03 

K mmol/ 
kg 

10.0 33.9 25.7 25.7 

Ca mmol/ 
kg 

4.5 44.6 15.0 14.5 

Si mmol/ 
kg 

19.2 22.9 23.0 

Al mol/ 
kg 

15.6 34.4 33.9  

Transition Metals 
V nmol/ 

kg 
1.6 191 48 715 299 

Cr mol/ 
kg 

0.001 1.8 0.08 12.0 12.6 

Mn mol/ 
kg 

0.03 15.6 0.007 34.4 33.9 

Fe mol/ 
kg 

0.1 62.2 0.8 160 256 

Co nmol/ 
kg 

2 bql 32 64.5 281.4 

Ni mol/ 
kg 

0.001 2.7 0.1 20.0 22.7 

Cu mol/ 
kg 

0.01 3.2 0.1 62.6 10.0 

Zn mol/ 
kg 

0.001 5.9 0.1 11.9 8.7 

Mo nmol/ 
kg 

14 801 3 797 775 

Cd nmol/ 
kg 

0.08 23.9 4.5 82.1 60.7 

W nmol/ 
kg 

9.3 143 1 86 73  

Trace Alkali Metals 
Li mol/ 

kg 
270 247 253 

Rb mol/ 
kg 

15.1 15.9 15.9 

Cs nmol/ 
kg 

96.7 110.1 106.9  

Table 4 
Extraction efficiencies of transition metal elements and selected alkali metals 
based on measured elemental compositions of EPR basalt (Table 1), fluid 
chemistry (Table 3) and a starting fluid:rock ratio of 1:1.  

Extraction Efficiency  

(Na,K)Cl fluid (Na,Ca)Cl fluid 

V 0.00% 0.01% 
Cr 0.03% 0.19% 
Mn 7% 15% 
Fe 0% 2% 
Co 0% 
Ni 0.2% 1% 
Cu 0.2% 4% 
Zn 1% 2% 
Mo 2.2% 2% 
Cd 1% 2% 
W 5% 3% 
Li 85% 79% 
Rb 60% 63% 
Cs 68% 77% 
K 85% 91%  
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n H + + n Cl − + M e n / 2 O (s) ↔ M e Cl n (a q ) + H 2 O  

w h e r e M e n / 2 O (s) r e p r e s e nt s a  m et al c o m p o n e nt of a n o xi d e or sili c at e 

mi n er al, n i s t h e c h ar g e of t h e m et al c ati o n a n d M e Cl n (a q ) i s t h e n e ut r al 

c hl ori d e c o m pl e x i n s ol uti o n ( P o kr o v s ki et al., 2 0 0 8; Xi n g et al., 2 0 2 1 ). 

T h u s, t h e s e m et al s ar e pr e di ct e d t o b e m or e s ol u bl e i n l o w er p H, hi g h er 

s ali nit y (i. e., c hl ori nit y) fl ui d s. Di s s ol uti o n of m et al s ul fi d e mi n er al s c a n 

b e a n al o g o u sl y r e pr e s e nt e d: 

n H + + n Cl − + M e n / 2 S (s) ↔ M e Cl n (a q ) + H 2 S  

w hi c h  i nt r o d u c e s  a  r e d u c e d- s ulf ur  d e p e n d e n c e.  C o n si st e nt  wit h  t h e 

pr e di ct e d p H d e p e n d e n c e, c o n c e ntr ati o n s of c hl ori d e- c o m pl e x e d tr a n -

siti o n m et al s ar e hi g h er i n t h e l o w er p H r e a cti o n fl ui d s fr o m t h e ( N a, C a) 

Cl e x p eri m e nt, a n o b s er v ati o n w hi c h c o n v er s el y c o n fir m s t h e i n sit u p H 

diff er e n c e b et w e e n t h e t w o e x p eri m e nt s pr e di ct e d b y a q u e o u s s p e ci a -

ti o n m o d el s. 

Fi g. 4. L eft I m a g e: Mi cr o X R F m a p of e x p eri m e nt all y alt er e d b a s alt b a s e d o n a n i n c o mi n g b e a m e n er g y of 2 0 k e V. C ol or s c h e m e i s M o (r e d), C a ( gr e e n), F e ( bl u e). 

W hil e cir cl e s hi g hli g ht M o-ri c h s p ot s (r e d). A d diti o n al pr o mi n e nt mi n er al s i n mi cr o X R F m a p ar e pl a gi o cl a s e ( d ar k gr e e n), p yr o x e n e ( bri g ht gr e e n) a n d m a g n etit e 

( bl u e). Ri g ht I m a g e: A r e pr e s e nt ati v e X R F s p e ctr u m of M o-ri c h s p ot (ri g ht) e x hi bit s cl e arl y di sti n g ui s h e d M o k a a n d k b 1 fl u or e s c e n c e p e a k s a s w ell a s pr e di cti o n s of 

s e n s or pil e- u p ( pil e u p pr e di cti o n) c a u s e d b y m ulti pl e p h ot o n i m p a ct s o n t h e d et e ct or b et w e e n r e a d o ut s. ( F or i nt er pr et ati o n of t h e r ef er e n c e s t o c ol or i n t hi s fl g ur e 

l e g e n d, t h e r e a d er i s r ef err e d t o t h e w e b v er si o n of t hi s arti cl e.) 

Fi g. 5. L eft I m a g e: Mi cr o X R F m a p of n at ur all y alt er e d o c e a ni c cr u st, ori gi n all y b a s alt, fr o m Pit o D e e p Rift ( s a m pl e 0 2 2 2 0 5- 0 8 5 2). I n c o mi n g b e a m e n er g y i s 2 0 k e V. 

C ol or s c h e m e i s M o (r e d), C a ( gr e e n), F e ( bl u e). W hil e cir cl e s hi g hli g ht M o-ri c h s p ot s (r e d). A d diti o n al pr o mi n e nt mi n er al s i n mi cr o X R F m a p ar e a m p hi b ol e ( d ar k 

gr e e n), c hl orit e ( bri g ht gr e e n) a n d s ul fl d e s ( bl u e- p ur pl e). D et e cti o n of el e v at e d fl or e s c e n c e i n t h e M o k a b a n d o n s ul fl d e s i s attri b ut a bl e t o pil e u p of Z n k a fl or e s c e n c e 

a n d d o e s n ot cl e arl y i n di c at e pr e s e n c e of M o. F oll o w- u p M o k- e d g e X A N E S o n t h e s e mi n er al s di d n ot r e v e al a M o a d s or pti o n e d g e, s u g g e sti n g M o c o n c e ntr ati o n < 1 0 

µ g / g, if pr e s e nt. Ri g ht I m a g e: A r e pr e s e nt ati v e X R F s p e ctr u m of M o-ri c h s p ot e x hi bit s cl e arl y di sti n g ui s h e d M o k a a n d k b 1 fl u or e s c e n c e p e a k s. “ Pil e u p pr e di cti o n ” i s 

t h e e x p e ct e d b a c k gr o u n d i nt erf er e n c e c a u s e d b y m ulti pl e i m p a ct s of l o w er e n er g y p h ot o n s. ( F or i nt er pr et ati o n of t h e r ef er e n c e s t o c ol or i n t hi s fl g ur e l e g e n d, t h e 

r e a d er i s r ef err e d t o t h e w e b v er si o n of t hi s arti cl e.) 
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4. 1. 2.  M ol y b d e n u m s ol u bilit y e q u ati o ns 

Pr e vi o u s  st u di e s  h a v e  i n di c at e d  t h at  M o  m a s s  b al a n c e  i n  b a s alt  i s 

c o ntr oll e d b y v ol c a ni c gl a s s ( q u e n c h e d m elt) a n d F e- Ti o xi d e s: m a g n e -

tit e a n d il m e nit e (Gr e a n e y et al., 2 0 1 7; Gr e a n e y et al., 2 0 1 8 ), w h er e it 

o c c ur s  i n + 6  v al a n c e  b o n d e d  t o  o x y g e n  ( O ’N eill  a n d  E g gi n s,  2 0 0 2; 

D a ni el s o n  et  al.,  2 0 1 1 ).  C o m pil e d  t h er m o d y n a mi c  d at a  a n d  r e s ult a nt 

a q u e o u s s p e ci ati o n m o d el s at i n sit u h y dr ot h er m al c o n diti o n s i n di c at e 

t h at M o o c c ur s i n + 6 v al a n c e a s p art of t h e m ol y b d at e o x y a ni o n, M o O 4
2 − , 

w hi c h c a n b e v ari a bl y c o m pl e x e d wit h a v ail a bl e c ati o n s, H + a n d N a + , 

a n d t h at h y dr ot h er m al fl ui d s ar e s at ur at e d wit h r e s p e ct t o m ol y b d e nit e. 

Writt e n  t o  t h e  pr e di ct e d  d o mi n a nt  a q u e o u s  s p e ci e s,  di s s ol uti o n  of 

m ol y b d e nit e c a n b e r e pr e s e nt e d b y t h e f oll o wi n g f or m ul a: 

N a + + 4 H 2 O + M o S 2 = N a H M o O 4 (a q ) + 2 H 2 S + H 2 + H +

H e n c e, it i s e x p e ct e d t h at M o will b e m or e s ol u bl e u n d er hi g h er p H, 

l e s s r e d u ci n g, l e s s s ul fi di c c o n diti o n s. A s ali nit y d e p e n d e n c e i s al s o e x-

p e ct e d, al b eit b e c a u s e of t h e i n cr e a s e d a cti vit y of N a + , r at h e r t h a n Cl− . 

T h e e x p e ct e d s ol u bilit y of M o i n r e s p o n s e t o fl ui d p H a n d r e d o x c o n di -

ti o n s c o ntr a st s wit h t h at of F e, w hi c h i s m or e s ol u bl e u n d er a ci di c, m or e 

r e d u ci n g c o n diti o n s ( Fi g. 7 ). 

Pr e vi o u s  e x p eri m e nt al  st u di e s  of  m ol y b d e nit e  s ol u bilit y  u n d er 

r o u g hl y  si mil ar  p h y si c al – c h e mi c al  c o n diti o n s  ( 0. 5  m ol / k g  N a Cl  fi ui d 

r e a cti n g  wit h  m ol y b d e nit e  a n d  a  p yrit e- p yrr h otit e- m a g n etit e  ( P y- P o- 

M a g) mi n er al b uff er at 3 5 0 ◦ C) h a v e r e p o rt e d e q ui v al e nt or gr e at er M o 

c o n c e ntr ati o n s of u p t o ~ 3 2 0 0 n m ol / k g ( W o o d et al., 1 9 8 7; C a o, 1 9 8 9 ) 

a n d  h a v e  d e m o n str at e d  t h e  e x p e ct e d  i n cr e a s e  i n  M o  s ol u bilit y  i n 

r e s p o n s e t o l o w er r e d u c e d s ulf ur c o n c e ntr ati o n s ( C a o, 1 9 8 9 ). U nf ort u-

n at el y,  dir e ct  c o m p ari s o n s  of  c urr e nt  r e s ult s  wit h  t h e s e  pr e vi o u s  e x -

p eri m e nt s ar e li mit e d b y u n c ert ai nti e s s urr o u n di n g t h e i n sit u c o n diti o n s 

of pr e vi o u s e x p eri m e nt s ( e. g., p H, r e d o x) a n d s e n siti vit y a n d a c c ur a c y of 

t h e a n al yti c al a n d s a m pli n g t e c h ni q u e s a v ail a bl e at t h e ti m e wit h r e s p e ct 

t o M o. 

M ol y b d e nit e- s at ur at e d M o c o n c e ntr ati o n s c al c ul at e d u si n g c urr e ntl y 

a v ail a bl e t h er m o d y n a mi c d at a ( s e e S e cti o n 3. 3 .) ar e r o u g hl y 3– 1 0 ti m e s 

l e s s t h a n e x p eri m e nt al r e s ult s a n d s u g g e st a p H d e p e n d e n c e of m ol y b-

d e nit e s ol u bilit y t h at i s n ot o b s er v e d i n e x p eri m e nt al fl ui d s. T h e gr e at er 

s ol u bilit y a n d a p p ar e nt l a c k of p H d e p e n d e n c e o b s er v e d i n e x p eri m e nt s 

r el ati v e t o t h er m o d y n a mi c m o d el s i n vit e s t h e p o s si bilit y of a d diti o n al 

di s s ol v e d  M o s p e ci e s  n ot y et i n cl u d e d i n t h er m o d y n a mi c m o d el s. F or 

e x a m pl e,  it  h a s  b e e n  pr e vi o u sl y  pr o p o s e d  t h at  M o  o c c ur s  a s 

t hi o m ol y b d at e s p e ci e s ( M o O( x)S ( 4- x)
2 − ) i n s ul fl di c a q u e o u s e n vir o n m e nt s 

(Eri c k s o n  a n d  H el z,  2 0 0 0 ).  H o w e v er,  hi g h-t e m p er at ur e  e x p eri m e nt s 

i n di c at e t h at M o S4
2 − i s o nl y p r e v al e nt at hi g h t e m p er at ur e s ( e. g., 2 8 6 ◦ C) 

if s ul fl d e c o n c e ntr ati o n s > 1 m ol / k g ( Li u et al., 2 0 2 0 ), f ar gr e at er t h a n 

t h e < 1 – 2 0 m m ol / k g r a n g e of s e a fl o or h y dr ot h er m al v e nt fl ui d s ( Di e hl 

a n d  B a c h,  2 0 2 0 )  or  a n al o g  e x p eri m e nt s  ( e. g., S e e w al d  a n d  S e yfri e d, 

1 9 9 0 ). It i s w ort h n oti n g, h o w e v er, t h at t h e e x p eri m e nt s of Li u et al, 

( 2 0 2 0) w er e c o n d u ct e d at v a p or- s at ur at e d pr e s s ur e. H e n c e, t h er m o d y -

n a mi c d at a f or t hi o m ol y b d at e s p e ci e s at t h e hi g h er pr e s s ur e s a n d t e m -

p er at ur e s  r el e v a nt  t o  s e a fl o or  h y dr ot h er m al  s y st e m s  a n d  a n al o g 

e x p eri m e nt s ar e n ot w ell c o n str ai n e d. 

Alt er n ati v el y, C a o  ( 1 9 8 9) pr o p o s e s  t h e  e xi st e n c e  of  a  M o( + 5) 

a q u e o u s  s p e ci e s,  M o O( O H) 2 Cl,  b a s e d  o n  e m piri c al  o b s er v ati o n s  of 

“ m ol y b d e n u m bl u e ” i n h e m atit e- m a g n etit e ( H e m- M a g) b uff er e d e x p er-

i m e nt s, a n d a d diti o n al M o s ol u bilit y e x p eri m e nt s c o nt ai ni n g H e m- M a g, 

h e m atit e- m a g n etit e- p yrit e  ( H e m- M a g- P y),  a n d  P y- P o- M a g  mi n er al- 

b uff er  a s s e m bl a g e s.  I n cl u si o n  of  M o O( O H) 2 Cl  i n  t h e r m o d y n a mi c  c al -

c ul ati o n s  b a s e d  o n  t h e  r e a cti o n  c o ef fl ci e nt s  pr o p o s e d  b y C a o  ( 1 9 8 9) 

(T a bl e 5 ) r e s ult s i n c al c ul at e d m ol y b d e nit e- s at ur at e d M o c o n c e ntr ati o n s 

of 2 9 9 n m ol / k g i n ( N a, C a) Cl r e a cti o n fl ui d s a n d 1 3 7 n m ol / k g i n ( N a, K) 

Cl  r e a cti o n  fl ui d s.  I n  a d diti o n  t o  i n cr e a si n g  t h e  M o  s ol u bilit y,  M o O 

( O H) 2 Cl ( o r a n y ot h er Cl − c o m pl e x) a ct s t o miti g at e t h e p H d e p e n d e n c e 

Fi g. 6. M er g e d X A N E S s p e ctr a of M o-ri c h s p ot s i n e x p eri m e nt all y alt er e d E a st 

P a ci fi c Ri s e b a s alt ( B E P R) a n d Pit o D e e p s a m pl e 0 2 2 2 0 5- 0 8 5 2 c o m p ar e d wit h 

M o  st a n d ar d s.  M er g e  3  a n d  m er g e  6  ar e  a n  a v er a gi n g  of  3  a n d  6  c oll e ct e d 

s p e ctr a,  r e s p e cti v el y,  f oll o wi n g  d etr e n di n g  a n d  n or m ali z ati o n  b a s e d  o n  t h e 

m a g nit u d e of t h e a d s or pti o n- e d g e. 

Fi g. 7. S ol u bilit y of M o a n d F e at 3 5 0 ◦ C, 5 0 0 b a r s a s a f u n cti o n of fl ui d p H i n 

fl ui d s  i n  t h e  pr e s e n c e  of  t h e  p yrit e- p yrr h otit e- m a g n etit e- m ol y b d e nit e  ( P y- P o- 

M a g- M ol)  a n d  h e m atit e- m a g n etit e- p yrit e- m ol y b d e nit e  ( H e m- M a g- P y- M ol) 

mi n er al b uff er s a s c al c ul at e d b y G W B R e a ct m o d ul e. Fl ui d N a a n d Cl c o n c e n -

tr ati o n s = 5 0 0 m m ol / k g. 

T a bl e 5 

C o m pil e d t h er m o d y n a mi c d at a f or M o s p e ci e s at 3 5 0 ◦ C.  

R e a cti o n L o g K 

( 1)  M o S 2 + 3 H 2 O + 4. 5 O 2 = M o O 4
2 − + S O 4

2 − + 6 H + 7 9. 7 6 3 9 a 

( 2)  M o O 2 + H 2 O + 0. 5 O 2 = M o O 4
2 − + 2 H + − 2. 3 2 8 5 a 

( 3)  M o O 3 + H 2 O = M o O 4
2 − + H + − 1 1. 6 1 9 9 a 

( 4)  H M o O 4
− = H + + M o O 4

2 − − 7. 3 4 9 1 b 

( 5)  H2 M o O 4 = 2 H + + M o O 4
2 − − 8. 4 6 4 b 

( 6)  N a H M o O 4 = N a + + H + + M o O 4
2 − − 9. 4 7 2 1 c 

( 7)  M o O( O H) 2 Cl = M o O 2 + 0. 2 5 O 2 + H + + Cl − + 0. 5 H 2 O  − 1 0. 6 0 d 

( 8)  M o O( O H) 2 Cl + 0. 5 H 2 O + 0. 2 5 O 2 = M o O 4
2 − + 3 H + + Cl − − 1 2. 9 2 8 5 e 

T h e r m o d y n a mi c d at a f or b a si s s p e ci e s M o O 4
2 − f r o m S h o c k et al. ( 1 9 9 7) . 

a R o bi e a n d H e mi n g w a y ( 1 9 9 5) , R e a cti o n c o ef fl ci e nt s c al c ul at e d wit h H C h. 
b Mi n u b a y e v a a n d S e w ar d ( 2 0 1 0) , R e a cti o n c o ef fl ci e nt s c al c ul at e d wit h H C h. 
c S h a n g et al. ( 2 0 2 0) , R e a cti o n c o ef fl ci e nt s c al c ul at e d wit h H C h. 
d C a o ( 1 9 8 9) . 
e C al c ul at e d fr o m r e a cti o n s 2 a n d 7. 
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of  m ol y b d e nit e  s ol u bilit y  a s  p H  dri v e s  s ol u bilit y  i n  t h e  o p p o sit e  di -

r e cti o n s f or t h e t w o pr o p o s e d r e a cti o n s: 

N a + + 4 H 2 O + M o S 2 = N a H M o O 4 (a q ) + 2 H 2 S + H 2 + H +

H + + 3 H 2 O + M o S 2 + Cl − = M o O (O H ) 2 Cl + 2 H 2 S +
1

2
H 2 

T o  t h e  b e st  of  o ur  k n o wl e d g e,  t h e  e xi st e n c e  a n d  t h er m o d y n a mi c 

pr o p erti e s of t hi s a n d ot h er p ot e nti al M o( + 5) a q u e o u s c o m pl e x e s h a v e 

n ot b e e n ri g or o u sl y i n v e sti g at e d. S o f ar, p u bli s h e d st u di e s a n d e x p eri -

m e nt s ai m e d at d eri vi n g t h er m o d y n a mi c d at a f or a q u e o u s M o s p e ci e s 

f o c u s e x cl u si v el y o n M o (+ 6) s p e ci e s. C o n s e q u e ntl y, e x p eri m e nt al fl ui d s 

ar e t y pi c all y m or e o xi di zi n g t h a n H e m- M a g, it s elf hi g hl y o xi di zi n g i n t h e 

c o nt e xt  of  n at ur al  s e a fi o or  h y dr ot h er m al  s y st e m s.  C o n si d eri n g  t h at 

c urr e nt t h er m o d y n a mi c d at a si g ni fl c a ntl y u n d er e sti m at e fi ui d M o c o n -

c e ntr ati o n s i n t h e s e a n d pr e vi o u s h y dr ot h er m al e x p eri m e nt s c o n d u ct e d 

at H e m- M a g- b uff er e d a n d m or e r e d u ci n g c o n diti o n s, t h er e i s a n e e d f or 

f urt h er i n v e sti g ati o n s t o i d e ntif y a q u e o u s M o s p e ci e s u n d er s u c h c o n-

diti o n s a n d, if i d e nti fl e d, t o d eri v e t h e r el e v a nt t h er m o d y n a mi c d at a. I n 

t h e m e a nti m e, s o m e c a uti o n i s w arr a nt e d i n e xtr a p ol ati n g e x p eri m e nt al 

r e s ult s  t o  v a stl y  diff er e nt  t e m p er at ur e s  or  c h e mi c al  c o n diti o n s  u si n g 

c urr e ntl y a v ail a bl e t h er m o d y n a mi c m o d el s. 

4. 2.  M ol y b d e n u m i n m o d er n s e a fl o or v e nt fl ui ds 

4. 2. 1.  Hist ori c al s a m pl es 

Pr e vi o u s  s a m pl e s  c oll e ct e d  fr o m  b a s alt- h o st e d  v e nt  fl el d s,  Cl eft 

S e g m e nt  ( Tr efr y  et  al.,  1 9 9 4 ),  T A G  h y dr ot h er m al  m o u n d  ( M et z  a n d 

Tr efr y,  2 0 0 0 ),  M ai n  E n d e a v o ur  Fi el d  ( S e yfri e d  et  al.,  2 0 0 3 ),  c o nt ai n 

v ari a bl e  M o  c o n c e ntr ati o n s,  b ut  ar e  t y pi c all y  d e pl et e d  r el ati v e  t o 

s e a w at er ( Fi g. 8 ). O n e e x c e pti o n i s a 3 6 3 ◦ C fl ui d c o nt ai ni n g 1 4 8 n m ol / 

k g  M o  c oll e ct e d  fr o m  t h e  T A G  h y dr ot h er m al  m o u n d,  a  l ar g e  h y dr o -

t h er m al  d e p o sit  o n  t h e  Mi d- Atl a nti c  Ri d g e  (M et z  a n d  Tr efr y,  2 0 0 0 ). 

H o w e v er,  t h e s e  s a m pl e s  al s o  c o nt ai n  v ari a bl e  a n d  oft e n  si g ni fl c a nt 

c o n c e ntr ati o n s of M g, i n di c ati v e of mi xi n g wit h s e a w at er a n d pr o b a bl e 

l o s s of M o d uri n g / pri or t o s a m pli n g. S a m pl e s c oll e ct e d fr o m t h e f el si c- 

h o st e d  R o m a n  R ui n s  v e nt  fl el d,  M a n u s  B a si n,  u s e d  b y Mill er  et  al. 

( 2 0 1 1) t o d e v el o p a m o d el of M o g e o c h e mi c al c y cli n g i n m o d er n s urf a c e 

e n vir o n m e nt s, li k e wi s e e x hi bit v ari a bl e M g c o n c e ntr ati o n s i n di c ati v e of 

s e a w at er mi xi n g pri or t o s a m pli n g a n d, c o n s e q u e ntl y, pr o b a bl e l o s s of 

M o. 

S a m pl e s c oll e ct e d fr o m ultr a m a fl c- h o st e d sit e s, R ai n b o w ( D o u vill e 

et  al.,  2 0 0 2 ),  L o g at c h e v  (S c h mi dt  et  al.,  2 0 0 7 ),  a n d  Ni e b el u n g e n 

(S c h mi dt et al., 2 0 1 1 ), c o nt ai n l o w c o n c e ntr ati o n s of M o a n d e xtr a p ol at e 

t o  c o n si st e ntl y  l o w  z er o- M g  e n d m e m b er  c o n c e ntr ati o n s  s u p p ort e d  b y 

l o w M g s a m pl e s (Fi g. 8 ). W hil e t h e s e s a m pl e s ar e n ot i m m u n e t o t h e 

s a m pli n g  artif a ct s  m e nti o n e d  a b o v e,  t h e  l a c k  of  a n y  s a m pl e s  wit h 

el e v at e d M o c o n c e ntr ati o n s a n d e xtr a p ol ati o n t o a c o n si st e nt e n d m e m -

b er s u g g e st s t h e s e hi g h-t e m p er at ur e ultr a m a fl c- h o st e d v e nt fi ui d s ar e i n 

f a ct d e pl et e d i n M o. 

Gr e at er-t h a n- s e a w at er M o c o n c e ntr ati o n s h a v e al s o b e e n r e p ort e d i n 

l o w-t e m p er at ur e h y dr ot h er m al fl ui d s i n cl u di n g B a b y B ar e ( M o = 2 9 7 ±

3  n m ol / k g, W h e at  et  al,  2 0 0 2 )  a n d  D or a d o  O ut cr o p  ( M o = 1 2 6 ± 2 

n m ol / k g, W h e at et al., 2 0 1 7 ). H o w e v er, t h e s e fl ui d s c o nt ai n si g ni fl c a nt 

c o n c e ntr ati o n s of s ulf at e a n d n e gli gi bl e s ul fl d e, i n di c ati v e of g e n er all y 

o xi di zi n g c o n diti o n s u n d er w hi c h M o i s e x p e ct e d t o b e q uit e s ol u bl e a n d 

g e o c h e mi c al  pr o c e s s e s  di sti n ct  fr o m  t h o s e  m o st  r el e v a nt  t o  hi g h- 

t e m p er at ur e  h y dr ot h er m al  cir c ul ati o n.  W hil e  t h e s e  l o w-t e m p er at ur e 

fl ui d s  ar e  n ot  di s c u s s e d  f urt h er  i n  t hi s  p a p er,  t h e y  s h o ul d  b e  c o n si d -

er e d  f or  f urt h er  st u d y  of  M o  c y cli n g  u n d er  l o w er-t e m p er at ur e,  i nt er -

m e di at e r e d o x c o n diti o n s. 

4. 2. 2.  M ai n e n d e a v o ur fi el d 2 0 1 9 – 2 0 2 0 ti m e s eri es 

R e c e ntl y, a ti m e s eri e s of ni n e v e nt fi ui d s a m pl e s w a s c oll e ct e d fr o m 

O ct o b er 2 0 1 9 t o M a y 2 0 2 0 fr o m a 2 8 1 – 3 0 4 ◦ C v e nt at M ai n E n d e a v o ur 

Fi el d o n t h e J u a n d e F u c a Ri d g e ( h er e aft er, M E F 2 0 1 9 – 2 0 2 0) ( S e yfri e d 

et al., 2 0 2 2 ). T h e s e s a m pl e s ar e u ni q u e a m o n g s e a fi o or v e nt fi ui d s a m -

pl e s i n t h at a m bi e nt M g- a n d M o-ri c h s e a w at er w a s e ntir el y e x cl u d e d 

fr o m t h e c oll e ct e d s a m pl e s d uri n g s a m pli n g a n d r e p e at s a m pl e s c o ul d b e 

o bt ai n e d  at  m o nt h-l o n g  i nt er v al s  ( S e yfri e d  et  al.,  2 0 2 2;  E v a n s  et  al., 

2 0 2 3 ).  T h e s e  s a m pl e s,  w hi c h  i n cl u d e  a n al y s e s  of  v e nt  fi ui d  s a m pl er 

pr e ci pit at e fr a cti o n s, c o nt ai n 2 9 – 2 2 0 n m ol / k g M o, wit h 4 of 9 s a m pl e s 

e nri c h e d i n M o r el ati v e t o s e a w at er ( Fi g. 9 , E v a n s et al., 2 0 2 3 ). 

T h at gr e at er-t h a n- s e a w at er M o c o n c e ntr ati o n s ar e f o u n d i n m o d er -

at el y  hi g h-t e m p er at ur e  v e nt  fl ui d s  cl e arl y  d e m o n str at e s  t h at  b a s alt- 

h o st e d s e a fl o or  v e nt fl ui d s  c a n b e n et  s o ur c e of M o  t o m o d er n o c e a n 

e n vir o n m e nt s. M or e o v er, a d et ail e d a n al y si s of M E F 2 0 1 9 – 2 0 2 0 s a m pl e s 

s h e d s  li g ht  o n  t h e  r e s p o n s e  of  M o  c o n c e ntr ati o n s  t o  c h a n g e s  i n  t h e 

Fi g. 8. P u bli s h e d a n al y s e s of M o i n s e a fl o or v e nt fl ui d s i n di c at e t h at v e nt fl ui d s a m pl e s ar e t y pi c all y d e pl et e d i n M o r el ati v e t o a m bi e nt s e a w at er. T h e s e d at a al s o 

ill u str at e t h e dif fi c ult y i n o bt ai ni n g v e nt fl ui d s a m pl e s u n c o nt a mi n at e d b y M o-ri c h s e a w at er, wit h t h e e xt e nt of s e a w at er e ntr ai n m e nt d uri n g s a m pli n g i n di c at e d b y 

M g c o n c e ntr ati o n s. A ti m e s eri e s of fl ui d s a m pl e s c oll e ct e d fr o m M ai n E n d e a v o ur Fi el d ( 2 0 1 9 – 2 0 2 0) i n cl u d e s s e v er al s a m pl e s wit h M o c o n c e ntr ati o n s gr e at er t h a n 

s e a w at er ( E v a n s et al., 2 0 2 3 ). S a m pl e s fr o m t hi s ti m e s eri e s wit h t h e m o st M o c o nt ai n a m o n g t h e l o w e st M g c o n c e ntr ati o n s y et r e p ort e d f or s e a fl o or v e nt fl ui d 

s a m pl e s. U nli k e ot h er d at a s h o w n i n t h e fi g ur e, d at a fr o m Tr efr y et al. ( 1 9 9 4) a n d M et z a n d Tr efr y ( 2 0 0 0) ar e e n d m e m b er v al u e s e xtr a p ol at e d t o z er o M g, a t e c h ni q u e 

b e st  s uit e d  t o  d et er mi ni n g  c o n c e ntr ati o n s  of  el e m e nt s  t h at  b e h a v e  c o n s er v ati v el y  d uri n g  h y dr ot h er m al  fl ui d- s e a w at er  mi xi n g  ( V o n  D a m m  et  al.,  1 9 8 5 ).  T hi s 

t e c h ni q u e o c c a si o n all y r e s ult s i n n e g ati v e v al u e s attri b ut a bl e t o n o n- c o n s er v ati v e b e h a vi or of M o a s v e nt fl ui d s c o ol a n d / or mi x wit h s e a w at er t h e c o m p ar ati v el y 

hi g h c o n c e ntr ati o n s of M o i n s e a w at er. A ct u al s a m pl e s c o nt ai n e d hi g h er M g c o n c e ntr ati o n s ( B utt er fi el d a n d M a s s ot h, 1 9 9 4 ). All d at a s h o w n i n cl u d e a n al y s e s of 

s a m pl er pr e ci pit at e fr a cti o n s. 
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h y dr ot h er m al s y st e m. 

S a m pl e s 1 a n d 2 v e nt e d at 3 0 2 ◦ C a n d c o nt ai n 2 2 0 – 2 0 0 n m ol / k g M o 

a n d 0. 2 4 – 0. 1 9 m m ol / k g M g, r e s p e cti v el y ( Fi g. 9 ). T h e s e l o w M g c o n-

c e ntr ati o n s  ar e  c o m p ar a bl e  t o  t h o s e  of  h y dr ot h er m al  e x p eri m e nt s, 

s u g g e sti n g t h e s e s a m pl e s ar e u n c o nt a mi n at e d b y s urr o u n di n g s e a w at er. 

S a m pl e s  ar e  hi g hl y  s u p er s at ur at e d  wit h  r e s p e ct  t o  m ol y b d e nit e,  s u g -

g e sti n g t h at M o c o n c e ntr ati o n s r e fl e ct e q uili br ati o n at hi g h er t e m p er a -

t ur e c o n diti o n s, a s i s t h e c a s e f or F e, M n, Si, Cl, a n d i n d e e d m o st fi ui d 

c o m p o n e nt s ( S e yfri e d et al., 2 0 2 2 ). 

S a m pl e s 3 – 6 c o nt ai n 5 8 – 1 3 2 n m ol / k g M o a n d 1. 3 9 – 3. 0 7 m m ol / k g 

M g ( Fi g. 9 ). W hil e v e nt fl ui d t e m p er at ur e s e x hi bit n o c h a n g e o v er t hi s 

p eri o d ( 3 0 2 – 3 0 4 ◦ C), t h e a d diti o n of a M g- c o nt ai ni n g fi ui d i n t h e s u b -

s urf a c e cl e arl y eff e ct s M o c o n c e ntr ati o n s, a s w ell a s C o, w hi c h d e cr e a s e s 

fr o m 1 8 n m ol / k g i n s a m pl e s 1 a n d 2 t o 4. 0– 7. 8 n m ol / k g i n s a m pl e s 3 – 6 

(Fi g.  9 ).  B a s e d  o n  a n  o b s er v e d  d e pl eti o n  of  s ulf at e  r el ati v e  t o  M g 

attri b ut a bl e t o s u b s urf a c e a n h y drit e pr e ci pit ati o n, S e yfri e d et al. ( 2 0 2 2) 

pr o p o s e t h at t h e M g- c o nt ai ni n g fl ui d r e pr e s e nt s a n i n c ur si o n of h e at e d 

(> 1 5 0 ◦ C) p a rti all y e q uili br at e d s e a w at er r at h er t h a n c o nt a mi n ati o n b y 

a m bi e nt c ol d ( ~ 2 ◦ C) s e a w at e r v er y cl o s e t o t h e v e nt ori fl c e. S u c h a n 

i n c ur si o n  c o ul d  r e pr e s e nt  a  c o oli n g  e v e nt  d e e p er  i n  t h e  s y st e m  t h at 

Fi g. 9. T e m p er at ur e, M g, M o, C u, C o  c o n c e ntr ati o n s, a n d M o: C u m ol ar 

r ati o s i n a ti m e s eri e s of v e nt fl ui d s o bt ai n e d fr o m M ai n E n d e a v o ur Fi el d. 

L o w M g c o n c e ntr ati o n s i n s a m pl e s 1 – 2 a n d 7 – 9 s u g g e st t h at t h e s e s a m pl e s 

ar e l e a st aff e ct e d b y e ntr ai n m e nt of t h e r e a ct e d s e a w at er c o m p o n e nt t h at 

aff e ct e d  s a m pl e s  3  t o  6,  a n d  t h u s  m o st  cl o s el y  r e fl e ct  hi g h-t e m p er at ur e 

h y dr ot h er m al  r e a cti o n s.  N u m b er s  a b o v e  d at a  p oi nt s  ar e  s a m pl e 

n u m b er s  r ef err e d  t o  i n  t h e  t e xt.  C o n c e ntr ati o n s  of  M o,  C u,  a n d  C o 

attri b ut a bl e  t o  s a m pl er  pr e ci pit at e  fr a cti o n s  ar e  di s pl a y e d  i n  w hit e. 

R e c o n str u ct e d fl ui d c o n c e ntr ati o n s ar e di s pl a y e d i n bl a c k. Gr a y sti p pl e d 

li n e o n M o gr a p h i n di c at e s s e a w at er M o = 1 0 8 n m ol / k g.   
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e n h a n c e s  pr e ci pit ati o n  of  t e m p er at ur e- s e n siti v e  (i. e.,  s u p er s at ur at e d) 

el e m e nt s li k e M o a n d C o, wit h littl e or n o eff e ct o n s e a fl o or v e nt fi ui d 

t e m p er at ur e s. 

T h e  t e m p er at ur e  d e p e n d e n c e  of  M o  a n d  ot h er  tr a n siti o n  m et al s 

( e x c e pt  M n)  i s  al s o  e vi d e nt  i n  s a m pl e s  7 – 9,  w hi c h  w er e  c oll e ct e d  at 

2 8 1 – 2 8 2 ◦ C  f oll o wi n g  a n  a br u pt  d e cr e a s e  i n  v e nt  fl ui d  t e m p er at ur e 

(Fi g. 9 ). I m p ort a ntl y, s a m pl e s 7 – 9 c o nt ai n 0. 5 6 – 0. 8 m m ol / k g M g, s u g -

g e sti n g t h at t h e i n fi u x of M g- c o nt ai ni n g fl ui d a n d it s a c c o m p a n yi n g ef -

f e ct s  h a d  l ar g el y  di s si p at e d  b y  t hi s  ti m e.  H e n c e,  a  cl e ar  t e m p er at ur e 

d e p e n d e n c e  c a n  b e  o b s er v e d  i n  w hi c h  s a m pl e s  7 – 9  c oll e ct e d  at 

2 8 1 – 2 8 2 ◦ C c o nt ai n = 2 9 – 3 0 n m ol / k g M o a n d s a m pl e s 1 – 2 c oll e ct e d at 

3 0 2 ◦ C c o nt ai n 2 0 0 – 2 2 0 n m ol / k g M o ( Fi g. 9 ). T h e 3 5 0 ◦ C e x p e ri m e nt al 

r e a cti o n fl ui d s c o nt ai ni n g 7 7 5 – 8 0 1 n m ol / k g M o q u alit ati v el y c o nti n u e 

t h e  o b s er v e d  p o siti v e  tr e n d  b et w e e n  v e nt  fl ui d  t e m p er at ur e  a n d  M o 

c o n c e ntr ati o n s, a s pr e vi o u sl y pr o p o s e d b y M et z a n d Tr efr y ( 2 0 0 0) . T h e 

m ol ar  r ati o  of  M o  t o  C u,  a n ot h er  t e m p er at ur e- s e n siti v e  el e m e nt,  i s 

3. 6 – 1 9 × 1 0 − 3 i n fl ui d s a m pl e pr e ci pit at e fr a cti o n s a n d 3. 7– 1 9 × 1 0 − 3 i n 

r e c o n st r u ct e d fl ui d s. T h e si mil arit y i n t h e s e r ati o s r e fl e ct s t h at t h e v a st 

m aj orit y  of M o  ( 8 6 – 9 6 %) a n d  C u ( 9 3 – 1 0 0 %) i s  c o nt ai n e d i n  s a m pl er 

pr e ci pit at e fr a cti o n s ( E v a n s et al., 2 0 2 3 ). 

4. 2. 3.  M ai n e n d e a v o ur fl el d s e di m e nt tr a ps 

S e di m e nt tr a p s a m pl e s fr o m M ai n E n d e a v o ur Fi el d c o nt ai n 9 – 6 6 µ g / 

g M o a n d 0. 1 8 – 1. 2 wt % C u ( C o o g a n et al., 2 0 1 7 , Fi g. 1 0 ). Si g ni fl c a ntl y, 

t h e m ol ar M o: C u r ati o i n s e di m e nt tr a p s a m pl e s ( M o: C u = 3. 1 – 5. 6 ×

1 0 − 3 , Fi g. 1 0 ) cl o s el y r e s e m bl e s t h at of M E F 2 0 1 9 – 2 0 2 0 v e nt fl ui d s a n d 

fi ui d  pr e ci pit at e  fr a cti o n s  r e s e m bl e  t h e  h y dr ot h er m al  c o m p o n e nt  of 

s e di m e nt  tr a p  s a m pl e s,  w hi c h  i s  e nri c h e d  i n  M o  a n d  C u  ( Fi g.  1 0 ). 

W e at h er e d  s e a fl o or  d e p o sit s  c oll e ct e d  b y Hri s c h e v a  a n d  S c ott  ( 2 0 0 7) 

(Fi g.  1 0 )  e x hi bit  g e n er all y  hi g h er  M o: C u  r ati o s  t h a n  s e di m e nt  tr a p 

s a m pl e s, c o n si st e nt wit h a d s or pti o n of M o fr o m s urr o u n di n g s e a w at er 

a n d / or  pr ef er e nti al  di s s ol uti o n  of  C u  d uri n g  o xi d ati v e  s e a fl o or 

w e at h eri n g. 

Pr e vi o u s a n al y s e s of s e di m e nt tr a p s a m pl e s a n d s e a fl o or s e di m e nt s 

d e m o n str at e t h at C u c o n c e ntr ati o n s i n s e di m e nt s d e cr e a s e s h ar pl y wit h 

di st a n c e  fr o m  E n d e a v o ur  S e g m e nt  v e nt  fl el d s,  i n cl u di n g  M ai n 

E n d e a v o ur Fi el d. T hi s p att er n w a s i niti all y i nt er pr et e d t o i n di c at e t h at 

m u c h of t h e C u e mitt e d b y M E F h y dr ot h er m al v e nt fl ui d s i s d e p o sit e d i n 

t h e n e ar- fi el d e n vir o n m e nt (Hri s c h e v a a n d S c ott, 2 0 0 7 ). H o w e v er, m or e 

r e c e nt m a s s b al a n c e e sti m at e s b a s e d o n d e n s er s a m pli n g s of s e di m e nt 

tr a p- a n d s e a fi o or s e di m e nt s a m pl e s i n di c at e s t h at, i n f a ct, < 2 % of C u 

e mitt e d b y M E F v e nt fi ui d s i s d e p o sit e d wit hi n 1. 5 k m of t h e v e nt fi el d 

(C o o g a n et al., 2 0 1 7 ). 

T h e o b s er v ati o n t h at M o: C u r ati o s i n s e di m e nt tr a p s a m pl e s cl o s el y 

r e s e m bl e  t h o s e  of  h y dr ot h er m al  v e nt  fi ui d s  l e a d s  t o  t w o  s ur pri si n g 

c o n cl u si o n s. Fir st, t h at m u c h of t h e M o i n n e ar- fl el d s e di m e nt tr a p s i s 

dir e ctl y  d eri v e d  fr o m  h y dr ot h er m al  fl ui d s  r at h er  t h a n  a d s or pti o n  of 

s e a w at er  M o  o nt o  h y dr ot h er m al  pl u m e  p arti cl e s.  S e c o n d,  t h e  l a c k  of 

pr ef er e nti al e nri c h m e nt of M o i n s e di m e nt tr a p s a m pl e s r el ati v e t o C u 

s u g g e st s t h at m u c h of t h e M o d eli v er e d t o t h e o c e a n b y h y dr ot h er m al 

v e nt fl ui d s m a y b e tr a n s p ort e d o ut of t h e n e ar- v e nt fl el d, a s pr e vi o u sl y 

d e m o n str at e d f or C u. 

Fi n dl a y et al. ( 2 0 1 9) o utli n e a m o d el f or h y dr ot h er m al pl u m e p ar -

ti cl e f or m ati o n i n t h e flr st f e w m et er s of t h e b u o y a nt pl u m e. B a s e d o n 

t hi s m o d el, n a n o p arti c ul at e (< 2 0 0 n m) p yrit e f or m s i n flr st ~ 1 0 c m of 

pl u m e a n d p er si st s wit hi n t h e b u o y a nt pl u m e s u c h t h at it i s ulti m at el y 

a d v e ct e d fr o m t h e n e ar- v e nt s y st e m. Hi g h er i n t h e pl u m e, l ar g er m et al 

s ul fi d e  p arti cl e s  f or m  a n d  pr ef er e nti all y  s ettl e  ( Fi n dl a y  et  al.,  2 0 1 9 ). 

A n al y s e s of h y dr ot h er m al pl u m e p arti cl e s i n t h e flr st 1. 5 m of b u o y a nt 

pl u m e s e m a n ati n g fr o m t h e T A G, S n a k e pit, a n d R ai n b o w h y dr ot h er m al 

fl el d o n t h e Mi d- Atl a nti c Ri d g e, a s w ell a s pl u m e p arti cl e s d eri v e d fr o m 

v ari o u s h y dr ot h er m al fl el d s i n t h e L a u B a si n ( s o ut h w e st P a ci fl c O c e a n) 

yi el d  o b s er v ati o n s  of  n a n o p arti c ul at e  p yrit e  a n d  c h al c o p yrit e  a n d 

a s s o ci at e d c orr el ati o n s b et w e e n C o, C u, a n d F e c o n c e ntr ati o n s ( G art m a n 

et al., 2 0 1 4; Fi n dl a y et al., 2 0 1 5 ). 

S a m pl e s  of  n e ar- v e nt  s e a fi o or  s e di m e nt s  c oll e ct e d  at  M E F  c o nt ai n 

fl n e- gr ai n e d ( < 1 0 µ m) s ul fl d e p arti cl e s a s c o m p o n e nt s of l ar g er ( < 3 0 0 

µ m) cr y st alli n e a n d c oll of or m a g gr e g at e s b o u n d b y M n- F e- Si-ri c h g el 

(Hri s c h e v a  a n d  S c ott,  2 0 0 7 ).  C o n si d eri n g  t h e  m o d el  of Fi n dl a y  et  al. 

( 2 0 1 9),  t h e s e  p arti cl e s  li k el y  f or m e d  i n  t h e  fir st  f e w  m et er s  of  t h e 

b u o y a nt h y dr ot h er m al pl u m e b ef or e s ettli n g o ut a s n e ar- v e nt s e di m e nt s, 

w hi c h,  i n  t h e  c a s e  of  fi n e- gr ai n e d  p arti cl e s,  w a s  li k el y  f a cilit at e d  b y 

p arti cl e a g gr e g ati o n. O ur d at a i n di c at e t h at M o / C u r ati o s ar e pr e s er v e d 

t hr o u g h o ut t h e v e nti n g a n d s ettli n g pr o c e s s. W e t h er ef or e pr o p o s e t h at 

M o pr e ci pit at e s e arl y i n t h e v e nti n g pr o c e s s, e nt eri n g t h e o c e a n or h y -

dr ot h er m al s e di m e nt s a s n a n o p arti c ul at e m at eri al ( Fi g. 1 1 ). A n al o g o u s 

t o  C u,  m o st  of  t hi s  m at eri al  i s  a d v e ct e d  o ut  of  t h e  n e ar- v e nt  fi el d. 

H o w e v er, a s m all fr a cti o n i s a g gr e g at e d i nt o l ar g er p arti cl e s a n d s ettl e s 

n e ar t h e v e nt. 

4. 3.  M ol y b d e n u m i n s u bs e a fl o or h y dr ot h er m al s yst e ms 

A n al y s e s of M o i n alt er e d o c e a ni c cr u st fr o m Pit o D e e p Rift i n di c at e 

v ari a bl e  e nri c h m e nt s  a n d  d e pl eti o n s  of  M o  ( Z h u.  2 0 1 6 , Fi g.  2 B), 

c o n si st e nt wit h v ari a bl e h y dr ot h er m al e xtr a cti o n a n d d e p o siti o n of M o 

i n t h e s u b s urf a c e. S y n c hr otr o n- b a s e d µ X R F m a p s a n d M o- k e d g e X A N E S 

of  t h e  M o- e nri c h e d  s a m pl e,  0 2 2 2 0 5- 0 8 5 2,  i d e ntif y  M o-ri c h  p arti cl e s. 

T h e l o c ati o n of t hi s s a m pl e d e e p wit hi n t h e h y dr ot h er m al s y st e m a n d 

o c c urr e n c e of r ar e fi n e- gr ai n e d M o-ri c h p arti cl e s i s c o n si st e nt wit h M o 

e nri c h m e nt o c c urri n g t hr o u g h pr e ci pit ati o n of m ol y b d e nit e fr o m hi g h- 

t e m p er at ur e h y dr ot h er m al fl ui d s. 

E x p eri m e nt all y  alt er e d  B E P R  al s o  c o nt ai n s  M o-ri c h  p arti cl e s, 

Fi g.  1 0. Pl ot  of  C u  v s.  M o  c o n c e ntr ati o n s  i n  M ai n  E n d e a v o ur  Fi el d  s e a fl o or 

s ul fi d e  d e p o sit s,  s e di m e nt s,  a n d  s e di m e nt  tr a p  s a m pl e s  c o m p ar e d  wit h  c o n -

c e ntr ati o n s i n s a m pl er pr e ci pit at e s fr o m t h e M ai n E n d e a v o ur Fi el d 2 0 1 9 – 2 0 2 0 

ti m e  s eri e s  s a m pli n g.  D at a  fr o m Hri s c h e v a  a n d  S c ott  ( 2 0 0 7) i n cl u d e  s a m pl e s 

fr o m M ot hr a V e nt Fi el d, al s o o n t h e E n d e a v o ur S e g m e nt of t h e J u a n d e F u c a 

Ri d g e.  T h e  t ot al  m a s s  of  fl ui d  s a m pl e  p arti c ul at e s  w a s  e sti m at e d  b y  a d di n g 

e q ui m ol ar c o n c e ntr ati o n s of s ulf ur t o a n al y z e d m et al s ( d o mi n a ntl y F e a n d Z n). 

M ar k er si z e s f or fl ui d s a m pl er pr e ci pit at e s ar e s c al e d t o fl ui d M o c o n c e ntr ati o n s 

(Fi g. 9 ; E v a n s et al., 2 0 2 3 ). 
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li k e wi s e of u n c ert ai n i d e ntit y, i n c o ntr a st t o u n alt er e d B E P R, w h er e t h e 

l a c k of M o- k- e d g e X A S a d s or pti o n e d g e s d e s pit e 3. 3 µ g / g M o m e a s ur e d 

i n b ul k s a m pl e s s u g g e st s t h at M o i s wi d el y di stri b ut e d, pr e s u m a bl y a s a 

c o m p o n e nt of q u e n c h e d m elt a n d tit a ni u m- b e ari n g m a g n etit e. 

T h e  o c c urr e n c e  of  M o- e nri c h e d,  m ol y b d e nit e- c o nt ai ni n g  s a m pl e s 

b el o w t h e l a v a- di k e tr a n siti o n z o n e at Pit o D e e p Rift r e s e m bl e s a n al y s e s 

of p yrit e i n drill c or e s fr o m t h e a cti v e T A G h y dr ot h er m al fl el d, w h er e M o 

i s e nri c h e d i n t h e s u b s urf a c e st o c k w or k z o n e a n d w h er e tr a n si e nt p e a k s 

i n M o c o n c e ntr ati o n s d uri n g l a s er- a bl ati o n a n al y si s of s ul fi d e mi n er al s 

( p yrit e a n d c h al c o p yrit e) i n t h e st o c k w or k ar e attri b ut e d t o t h e pr e s e n c e 

of > 3 0 µ m M o-ri c h i n cl u si o n s ( Gr a nt et al., 2 0 1 8 ). T h e a s s o ci ati o n of 

m ol y b d e nit e wit h t h e hi g h er-t e m p er at ur e r e gi o n s of h y dr ot h er m al s y s -

t e m s  i s  al s o  w ell  k n o w n  i n  p or p h yr y  c o p p er  d e p o sit s,  w h er e  C u- M o 

e nri c h e d z o n e s o c c ur i n t h e c e ntr al, hi g h e st-t e m p er at ur e r e gi o n s of t h e 

d e p o sit s ( e. g., Sillit o e, 2 0 1 0 ). C o u pl e d M o a n d C u m o bilit y h a s al s o b e e n 

r e p ort e d i n t h e 3. 6 – 3. 2 G a a g e v ol c a ni c- h o st e d s e a fl o or h y dr ot h er m al 

s y st e m s of t h e P a n or a m a di stri ct ( H u st o n et al., 2 0 0 1 ). 

H e n c e, a c o n c e pt u al m o d el c a n b e d e v el o p e d i n w hi c h M o, ori gi n all y 

pr e s e nt i n v ol c a ni c gl a s s, m a g n etit e, il m e nit e, a n d p ot e nti all y s e a w at er, 

i s e xtr a ct e d b y hi g h-t e m p er at ur e h y dr ot h er m al fi ui d s a n d r e pr e ci pit at e d 

a s  m ol y b d e nit e  d e e p  wit hi n  t h e  h y dr ot h er m al  s y st e m.  A c c or di n gl y, 

c o n c e ntr ati o n s  of  M o  i n  h y dr ot h er m al  v e nt  fl ui d s  s h o ul d  r e fl e ct  t h e 

s ol u bilit y  of  m ol y b d e nit e  i n  t h e  c o nt e xt  of  r o c k- d o mi n at e d  fl ui d-r o c k 

r e a cti o n s  t h at  b uff er  fl ui d  p H, fO 2
,  a n d fS 2 

a n d  s ali nit y  t h at  r e fl e ct s 

s e a w at er  a n d  s u b s urf a c e  p h a s e  s e p ar ati o n  ( e. g., S e yfri e d  a n d  Di n g, 

1 9 9 5 ). 

4. 3. 1.  M ol y b d e nit e s ol u bilit y as a f u n cti o n of t e m p er at ur e, H 2 S, a n d H 2 

S a m pl e s  of  n at ur al  a n d  e x p eri m e nt al  h y dr ot h er m al  fl ui d s  a n d  t h e 

l o c ati o n of t h e M o- e nri c h e d s a m pl e s at Pit o D e e p Rift d e e p wit hi n t h e 

h y dr ot h er m al s y st e m i n di c at e t h at M o c o n c e ntr ati o n s i n h y dr ot h er m al 

fl ui d s ar e hi g hl y s e n siti v e t o t e m p er at ur e. C h e mi c al e q u ati o n s f or h y -

dr ot h er m al m ol y b d e nit e pr e ci pit ati o n i n di c at e a d diti o n al d e p e n d e n c e s 

o n fl ui d s ulf ur c o nt e nt a n d r e d o x st at e s. T o c o n str u ct a m o d el b y w hi c h 

t o  c al c ul at e  m ol y b d e nit e  s ol u bilit y  f or “ t y pi c al” b a s alt- h o st e d  h y dr o -

t h er m al fl ui d s, w e st art wit h a v er a g e v e nt fi ui d c o n c e ntr ati o n s of m aj or 

el e m e nt s – Cl, N a, K, a n d C a – a s c o m pil e d b y Di e hl a n d B a c h ( 2 0 2 0) . F or 

si m pli cit y, a n d b e c a u s e t h e pr e s e n c e of K + i s n ot p r e di ct e d t o si g ni fl-

c a ntl y m o dif y t h e c h e mi c al b e h a vi or of t h e s y st e m, w e a s s u m e t h at K +

c a n b e eff e cti v el y m o d el e d a s a d diti o n al N a + a n d t h e n a dj u st t h e m o d el 

fl ui d  c h e mi str y  f or  c h ar g e  b al a n c e,  i niti all y  m o dif yi n g  N a + a n d  t h e n 

C a 2 + t o a c c o m m o d at e F e2 + (T a bl e 6 ). I r o n i s s et at a c o n c e ntr ati o n of 1 

m m ol / k g t o s at ur at e fl ui d s wit h r e s p e ct t o mi n er al s i n t h e F e- O- S s y st e m. 

F oll o wi n g B er n dt et al. ( 1 9 8 9) , di s s ol v e d Si, Al a n d p H ar e c o ntr oll e d b y 

c o e xi st e n c e of q u art z, pl a gi o cl a s e ( A n 6 0 ), a n d cli n o z oi sit e. T h e pr e s e n c e 

of t h e s e b uff eri n g mi n er al a s s e m bl a g e s r e s ult s i n a n i n sit u p H of 5. 5 – 6. 5 

t hr o u g h o ut t h e H2 - H2 S a cti vit y r e gi o n p o p ul at e d b y h y dr ot h er m al v e nt 

fl ui d s, si mil ar t o t h e m e a s ur e d a n d c al c ul at e d p H of n at ur al fl ui d s ( Di n g 

et al., 2 0 0 5 ). 

At  t h e  t y pi c al  v e nt  fi ui d  t e m p er at ur e s  of  3 5 0 ◦ C,  c al c ul at e d 

m ol y b d e nit e- s at ur at e d M o c o n c e ntr ati o n s ar e 5 n m ol / k g if H 2 a n d H 2 S 

a r e  b uff e r e d  b y  P y- P o- M a g  a n d  4 0 0  n m ol / k g  if  b uff er e d  b y  H e m- P y- 

Fi g. 1 1. S u m m ar y di a gr a m of p arti cl e f or m ati o n i n t h e b u o y a nt h y dr ot h er m al pl u m e.  

T a bl e 6 

I niti al fi ui d c h e mi str y u s e d i n t h e m o d el.  

M o d el I n p ut P ar a m et er s 

T e m p er at ur e ◦ C 3 5 0 

Cl − m m ol / k g 5 2 0 

N a + m m ol / k g 4 4 0 

C a 2 + m m ol / k g 3 9 

F e 2 + m m ol / k g 1 

Si O 2 b uff e r q u a rt z 

H + b uff er cli n o z oi sit e 

Al 3 + b uff e r A n 6 0 

M o b uff e r m ol y b d e nit e 

H 2 S v a r y  

H 2 v a r y   
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M a g.  Pr e di ct e d  M o  c o n c e ntr ati o n s  ar e  1 8 0  n m ol / k g  at  t h e  H 2 -  H2 S 

c o n diti o n s of t h e 3 5 0 ◦ C e x p e ri m e nt s. N ot a bl y, pr e di ct e d M o c o n c e n -

tr ati o n s v al u e s ar e 4– 5 ti m e s l e s s t h a n t h o s e m e a s ur e d i n e x p eri m e nt al 

fl ui d s, s u g g e sti n g t h at c urr e nt t h e or eti c al m o d el s u n d er pr e di ct m ol y b -

d e nit e  s ol u bilit y or  t h at t h e  e x p eri m e nt al h y dr ot h er m al fi ui d s ar e  s u -

p er s at ur at e d wit h r e s p e ct t o m ol y b d e nit e. Eit h er w a y, v e nt fl ui d s m a y b e 

e x p e ct e d t o c o nt ai n hi g h er c o n c e ntr ati o n s of M o t h a n c urr e nt t h e or eti c al 

m o d el s pr e di ct, e s p e ci all y if v e nt fi ui d M o c o n c e ntr ati o n s r e fl e ct eff e c -

ti v e  e q uili br ati o n  wit h  m ol y b d e nit e  at  hi g h er-t h a n- v e nti n g  t e m p er a -

t ur e s, a s h a s b e e n s u g g e st e d t o e x pl ai n t h e c h e mi str y of M E F 2 0 1 9– 2 0 2 0 

ti m e s eri e s v e nt fl ui d s (E v a n s et al., 2 0 2 3 ) (Fi g. 1 2 ). 

4. 4.  M o d er n a n d Ar c h e a n fl u x esti m at es 

E vi d e n c e  fr o m  h y dr ot h er m al  e x p eri m e nt s,  n at ur al  s a m pl e s,  a n d 

t h er m o d y n a mi c  m o d el s  all  p oi nt  t o  a  hi g h  d e gr e e  of  t e m p er at ur e 

s e n siti vit y i n v e nt fl ui d M o c o n c e ntr ati o n s, w hi c h i n t ur n i m pli e s t h at 

M o c o n c e ntr ati o n s i n h y dr ot h er m al fl ui d s ar e s u s c e pti bl e t o M o d e p o -

siti o n at n e arl y all st a g e s of v e nt fl ui d u p fl o w. T h u s, pr e di ct e d v e nt fl ui d 

M o c o n c e ntr ati o n s ar e i n h er e ntl y u n c ert ai n o wi n g t o a l a c k of k n o wl -

e d g e a b o ut v e nt fl ui d u p fi o w p at h w a y s a n d t h e li k eli h o o d of sit e- s p e ci fl c 

v ari a bilit y.  M or e o v er,  t h e  a v ail a bl e  t h er m o d y n a mi c  m o d el s  f or  M o 

a q u e o u s s p e ci ati o n a n d M o S 2 s ol u bilit y a r e still i n a st at e of d e v el o p -

m e nt a n d will n e e d t o b e i m pr o v e d t o a c c ur at el y c al c ul at e M o c o n c e n -

tr ati o n s o v er t h e f ull r a n g e of c h e mi c al a n d p h y si c al c o n diti o n s t h at m a y 

b e e x p eri e n c e d b y d e e pl y s o ur c e h y dr ot h er m al fl ui d s. N e v ert h el e s s, a 

s y n o p si s  of  e x p eri m e nt al,  t h e or eti c al,  a n d  fl el d  s a m pli n g  a p pr o a c h e s 

s u g g e st s  a  f airl y  n arr o w  r a n g e  of  li k el y  v e nt  fl ui d  M o  c o n c e ntr ati o n s 

u s ef ul f or g e n er ati n g s e mi- q u a ntit ati v e “ or d er- of- m a g nit u d e ” e sti m at e s 

of M o d er n a n d Ar c h e a n v e nt fl ui d M o c o n c e ntr ati o n s a n d fi u x e s. 

F or  m o d er n  b a s alt- h o st e d  v e nt  fi ui d s,  w e  e sti m at e  v e nt  fi ui d  M o 

c o n c e ntr ati o n s of 3 0 – 1 5 0 0 n m ol / k g, w hi c h i s 4 ti m e s t h e 3 5 0 ◦ C m o d el 

p r e di cti o n s f or t h e P y- P o- M a g b uff er a n d H e m- P y- M a g b uff er, r e s p e c -

ti v el y,  a s  i s  c o n si st e nt  wit h  t h e  diff er e n c e  b et w e e n  m o d el  a n d 

e x p eri m e nt al r e s ult s. T hi s c o n c e ntr ati o n c a n b e m ulti pli e d b y a n e sti -

m at e d  m o d er n  d a y  hi g h-t e m p er at ur e  mi d- o c e a n  ri d g e  h y dr ot h er m al 

w at er fi u x of 3 × 1 0 1 2 k g / y r ( El d e r fi el d a n d S c h ult z, 1 9 9 6 ) t o a c hi e v e a 

m o d er n s e a fl o or h y dr ot h er m al M o fl u x of 9 × 1 0 4 – 4. 5 × 1 0 6 m ol / y r. F o r 

c o m p ari s o n, t h e m o d er n c o nti n e nt al fl u x of M o t o t h e o c e a n i s e sti m at e d 

at 3. 1 × 1 0 8 m ol / y r ( Mill e r et al., 2 0 1 1 ). Mill er et al. ( 2 0 1 1) e sti m at e a 

m o d er n c o nti n e nt al M o fl u x of 3. 1 × 1 0 8 m ol / y r a n d a m o d er n s e a fl o or 

h y dr ot h er m al M o i n p ut of 6. 6 × 1 0 5 m ol / y r. T hi s h y dr ot h er m al i n p ut i s 

e sti m at e s  u si n g  a  h y dr ot h er m al  w at er  fl u x  of  3 × 1 0 1 3 k g / y r,  r e pr e -

s e nt ati v e of b ot h hi g h- a n d l o w-t e m p er at ur e v e nti n g, a n d a h y dr ot h er -

m al fi ui d c o n c e ntr ati o n of 2 2 n m ol / k g. O ur pr o p o s e d e sti m at e s ar e at 

m o st 1. 5 % of t h e m o d er n c o nti n e nt al r u n off fl u x, c o n si st e nt wit h pr e -

vi o u s d e s cri pti o n s of t h e m o d er n M o g e o c h e mi c al c y cl e i n w hi c h c o n -

ti n e nt al w e at h eri n g a n d r u n off c o n stit ut e s t h e d o mi n a nt s o ur c e of M o t o 

t h e o c e a n. 

F or Ar c h e a n b a s alt- h o st e d v e nt fl ui d s, w e e sti m at e t h at v e nt fl ui d M o 

c o n c e ntr ati o n s w o ul d h a v e b e e n r o u g hl y si mil ar t o m o d er n v e nt fl ui d 

c o n c e ntr ati o n s b ut c o n si d er t h at u p p er v al u e s m a y h a v e b e e n li mit e d b y 

t h e  a v ail a bilit y  of  M o  i n  o c e a ni c  cr u st  d eri v e d  fr o m  hi g h er- d e gr e e 

m a ntl e  m elti n g.  F or  e x a m pl e, M c C o y- W e st  et  al.  ( 2 0 1 9) pr o p o s e  t h at 

Ar c h e a n  s e a fi o or  d eri v e d  fr o m  a n  e sti m at e d  ~ 3 0 %  p arti al  m elt  of 

m a ntl e m at eri al a n d c o nt ai n e d 1 5 5 n g / g M o. A s s u mi n g a 1: 1 fl ui d:r o c k 

r ati o, t hi s c o n c e ntr ati o n i s s uf fl ci e nt t o s u p p ort a m a xi m u m c o n c e ntr a -

ti o n of a p pr o xi m at el y 1 6 0 0 n m ol / k g M o i n h y dr ot h er m al fi ui d s, w hi c h 

i s  gr e at er  t h a n o ur  u p p er e sti m at e  of  1 5 0 0  n m ol / k g  f or  m o d er n  v e nt 

fi ui d s.  It  h a s  al s o  b e e n  pr o p o s e d  t h at  hi g h er  h e at  fi u x e s  d uri n g  t h e 

Ar c h e a n  r e s ult e d  i n  m or e  wi d e s pr e a d  h y dr ot h er m al  a cti vit y.  F or 

e x a m pl e, K a m b er ( 2 0 1 0) e sti m at e s e a fl o or h y dr ot h er m al w at er fi u x e s of 

7. 5 × 1 0 1 2 k g / y r at 2. 4 G a a g o a n d 1. 5 × 1 0 1 3 k g / y r at 4. 5 G a a g o b a s e d 

o n s c ali n g t o o c e a ni c cr u st al pr o d u cti o n r at e s a n d g e o c h e mi c al m o d eli n g 

of  r ar e- e art h  el e m e nt  si g n at ur e s  a n d  Sr  a n d  N d  i s ot o p e s  i n  Ar c h e a n 

h y dr o g e n o u s s e di m e nt s. A p pl yi n g t h e s e e sti m at e s of h y dr ot h er m al fl ui d 

fl u x t o o ur e sti m at e d of v e nt fi ui d M o c o n c e ntr ati o n s r e s ult s i n a n e sti -

m at e d s e a fl o or h y dr ot h er m al M o fl u x of 2 × 1 0 5 – 1 × 1 0 7 m ol / y r 2. 4 G a 

a g o a n d 4 × 1 0 5 – 2 × 1 0 7 m ol / y r 4. 5 G a a g o. 

M or e  si g ni fl c a ntl y,  t h e  Ar c h e a n  at m o s p h er e  c o nt ai n e d  m u c h  l e s s 

o x y g e n wit h e sti m at e d at m o s p h eri c  O 2 = 1 0 − 6. 9 – 1 0 − 6 t h e  p r e s e nt at-

m o s p h eri c  l e v el  ( C atli n g  a n d  Z a h nl e,  2 0 2 0;  J o h n s o n  et  al.,  2 0 2 1 ). 

E x p eri m e nt al st u di e s i n di c at e t h at o xi d ati v e w e at h eri n g of p yrit e a n d 

m ol y b d e nit e  b ot h  h a v e  a  s q u ar e  r o ot  r at e  d e p e n d e n c e  o n  O 2 p a rti al 

p r e s s ur e ( J o h n s o n et al., 2 0 1 9 ). H e n c e, a s s u mi n g t h at t h e a v ail a bilit y of 

M o i n s u b a eri al Ar c h e a n cr u st al r o c k s w a s r o u g hl y t h e s a m e a s m o d er n 

c o nti n e nt al cr u st, it mi g ht b e e x p e ct e d t h at Ar c h e a n c o nti n e nt al fl u x e s 

of M o w er e 1 0 − 3. 5 – 1 0 − 3 m o d e r n d a y fl u x e s, or 1. 1 × 1 0 5 – 3. 1 × 1 0 5 k g / 

y r, w hi c h i s r o u g hl y e q ui v al e nt t o o ur l o w er e sti m at e s f or Ar c h e a n h y -

dr ot h er m al  fl u x e s.  T h e s e  e sti m at e s  str o n gl y  s u g g e st  t h at  s e a fl o or  h y -

dr ot h er m al  v e nt s  w er e  a  si g ni fi c a nt  a n d  q uit e  p o s si bl y  t h e  d o mi n a nt 

s o ur c e  of  M o  t o  t h e  o c e a n  t hr o u g h o ut  t h e  Ar c h e a n  E o n,  pr o vi di n g  a 

b a s eli n e l e v el of M o t h at w o ul d h a v e b e e n at l e a st l o c all y s uf fi ci e nt t o 

s u p p ort  t h e  d e v el o p m e nt  a n d  e v ol uti o n  of  M o- d e p e n d e nt  e n z y m e s. 

M or e o v er, v e nt fl ui d c o n c e ntr ati o n s of M o a n d F e e x c e e d t h o s e of M o- 

li mit e d  a n d  F e-li mit e d  N2 fi x ati o n  e x p e ri m e nt s  ( M o = 1 0 0  n m ol / k g 

M o,  F e = 2 4 0 0  n m ol / k g, Z er kl e  et  al.,  2 0 0 6 ).  T h u s,  s e a fl o or  h y dr o -

t h er m al  v e nt s  r e pr e s e nt  l o c ali z e d M o-ri c h  e n vir o n m e nt s  c o n d u ci v e  t o 

t h e e m er g e n c e,  e v ol uti o n, a n d g e n eti c r et e nti o n of M o- d e p e n d e nt  e n -

z y m e s. T h at v e nt fl ui d M o pr e d o mi n a ntl y e nt er s t h e o c e a n a s F e- a n d S- 

ri c h  h y dr ot h er m al  pl u m e  p arti cl e s  m a y  b e  si g ni fi c a nt  i n  li g ht  of  t h e 

f u n cti o n al r ol e of M o- S- a n d M o- F e- S- c o nt ai ni n g c of a ct or s i n e n z y m ati c 

c h e mi str y. 

5.  C o n cl u si o n s 

A n  i n v e sti g ati o n  of  e x p eri m e nt al  r e a cti o n  fl ui d s  a n d  s oli d  r u n 

pr o d u ct s  fr o m  h y dr ot h er m al  b a s alt  alt er ati o n s  e x p eri m e nt s  c o m bi n e d 

wit h  t h er m o d y n a mi c  c al c ul ati o n s  a n d  pr e vi o u s  a n al y s e s  of  alt er e d 

o c e a ni c  cr u st,  s e a fl o or  h y dr ot h er m al  fl ui d s,  a n d  n e ar- v e nt  pl u m e 

Fi g.  1 2. R e s ult s  of  t h er m o d y n a mi c  c al c ul ati o n s  of  m ol y b d e nit e  s ol u bilit y  at 

3 5 0 ◦ C  f o r  v a r yi n g  H 2 a n d  H 2 S  a cti viti e s.  C o nt o ur  m a p s  of  c al c ul at e d 

m ol y b d e nit e- s at ur at e d M o c o n c e ntr ati o n s ar e l a b el e d i n u nit s of l o g 1 0 ( m ol / k g). 

Mi n e r al  st a bilit y  fi el d s  i n  t h e  F e- O- S  s y st e m  a n d  m et a st a bl e  e xt e n si o n  of  t h e 

p yrit e- p yrr h otit e ti e li n e ar e s h o w n t o f a cilit at e c o m p ari s o n wit h pr e vi o u s w or k 

( e. g., Kl ei n  et  al.,  2 0 2 0 ).  Fl ui d  c h e mi str y  of  t h e  T A G  h y dr ot h er m al  m o u n d 

( T A G),  t h e  M ai n  E n d e a v o ur  Fi el d  ( M E F)  2 0 1 9 – 2 0 2 0  ti m e  s eri e s,  a n d  t h e 

e x p eri m e nt al  c o n diti o n s  ( gr a y  b o x)  ar e  al s o  s h o w n  f or  r ef er e n c e.  Pr e di ct e d 

m ol y b d e nit e  s ol u bilit y  at  t h e s e  c o n diti o n s  i s  1 0 0 – 1 0 0 0  n m ol / k g,  i n  or d er- of- 

m a g nit u d e  a gr e e m e nt  wit h  m e a s ur e d  v al u e s.  Fi g ur e  w a s  c o n str u ct e d  u si n g 

t h e P h a s e 2 m o d ul e i n G W B. 
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particles leads to a new conceptual model for the behavior of Mo in 
basalt-hosted seafloor hydrothermal systems. Molybdenum, assumed to 
be hosted in volcanic glass and Fe-Ti oxide minerals in primary basalt is 
effectively leached by high-temperature subseafloor hydrothermal 
fluids and redeposited as molybdenite, as observed in Mo-enriched 
samples of altered oceanic crust from Pito Deep Rift. Comparison of 
reaction fluids from 350 C 500 hydrothermal basalt alteration experi
ments with thermodynamic predictions of Mo concentrations based on 
molybdenite solubility suggest that Mo concentrations in subsurface 
hydrothermal fluids are generally controlled by the solubility of 
molybdenite in the context of rock-derived buffering mineral assem
blages that control major fluid chemical parameters including pH, H2S 
and H2 as well as fluid temperature and salinity. A time series of nine 
281 304 C seafloor vent fluids collected from Main Endeavour Field 
contains 29 220 nmol/kg Mo. These fluids are highly supersaturated 
with respect to molybdenite at venting conditions, suggesting both that 
vent fluid Mo concentrations reflect higher-temperature subsurface 
conditions and that vent fluid Mo concentrations are highly susceptible 
to processes that induce subsurface deposition. The MEF 2019 2020 
time series exhibits two distinct decreases in Mo concentrations: one 
coincident with a subsurface intrusion of partially reacted seawater and 
a second coincident with a decrease in vent fluid temperature. Analyses 
of vent fluid particulate fractions reveal Mo:Cu ratios and concentrations 
resembling the hydrothermal endmember of near-vent sediment sam
ples. This observation suggests: (1) that vent fluid Mo is readily incor
porated into hydrothermal plume particles and, (2) that much of this 
vent fluid Mo source is advected out of the near-vent environment as 
suspended hydrothermal plume particles, as previous studies estimate 
that 2% of vent fluid Cu is deposited in the near-vent field. 

Overall, these investigations demonstrate that seafloor hydrothermal 
vent fluids likely contain 10 1000 nmol/kg Mo and that this concen
tration can be entirely supported by underlying rocks, independent of 
seawater-derived Mo. Whether this concentration represents a net sink 
or source to the ocean depends much on seawater Mo concentrations. 
For the modern ocean containing 108 5 nmol/kg Mo, we estimate that 
seafloor hydrothermal vent fluids constitute a minor source of Mo, 
overshadowed by the much larger continental runoff flux and high 
seawater Mo concentrations. For Mo-poor Archean oceans, however, we 
estimate that seafloor hydrothermal vent fluids would have provided a 
significant and quite probably dominant source of Mo to the ocean 
delivered largely in the form of hydrothermal plume particles. Identi
fication of this source and its likely form as solid metal-sulfide particles 
has important implications for theories concerning the evolution of Mo- 
dependent enzymes, including nitrogenase and CO-dehydrogenase. 
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