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B ABSTRACT

In order to trace the cycling of fluid-mobile elements (FMEs) through sub-
duction zone forearcs, we collected water samples from two warm and 16 cold
springs along the subaerially exposed forearc of the Hikurangi subduction zone
in New Zealand. Water samples were analyzed for their cation and anion con-
centrations, as well as their B, Li, Cl, and O stable isotope compositions. Fluids
discharging through the prism have high concentrations of ClI (2400-16,000
mg/L), Br (6-70 mg/L), | (0.4-72 mg/L), Sr (0.1-200 mg/L), B (3-130 mg/L), Li
(0.1-13 mg/L), and Na (33-6600 mg/L), consistent with data from previous
studies. Most of these elements decrease overall in concentration from north
to south, have a concentration peak in the central part of the margin, and have
had limited concentration variability during the last three decades. Because Li,
Cl, and B are all fluid-mobile elements, their incompatibility potentially limits
modification by fluid-rock interaction, making them reliable tracers of fluid
source. §’Cl, §"B, and & Li values range from —1.3%o to +0.4%o (n = 36), +11.8%. to
+41.9%0 (n=25), and -3.1%. to +29.0%. (n = 29), respectively. Despite the change
in concentrations along the margin, there is no corresponding trend in isotopic
composition. Chlorine and boron isotope compositions are consistent with flu-
ids dominated by seawater (§7Cl = 0%.; §'"B = 40%.) and sedimentary pore fluids
(§7Cl = —8%o to 0%.; "B > ~17%.). Br/Cl (0.0025-0.005) and 1/Cl (0.00005-0.007)
weight ratios also support a dominant seawater and pore-fluid source. Lith-
ium isotope data also suggest fluids sourced from seawater (§Li = +31%) as
well as dehydrating sediments and/or modified by interaction with local sedi-
ment. The fluid geochemical data cannot be explained by a change in the fluid
source along the margin, but rather by a change in the upper-plate structural
permeability. In the north, extension likely results in a highly permeable forearc,
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whereas transpression in the south traps fluids within the upper plate and
dilutes saline fluids with groundwater. Such changes in upper-plate structural
permeability may influence fluid pressure conditions within the forearc, which
in turn may influence the observed change in slip behavior on the interface from
north Hikurangi (aseismic creep) to south Hikurangi (deep locking). This work
highlights the role the upper plate may play in the geochemical modification
and transport of slab-derived fluids, and supports the long-standing but poorly
documented assumption that seawater and pore fluids are expelled at shallow
levels in the subduction zone (<15 km) and therefore play a limited role in the
transport of FMEs to great depths in subduction zones.

B INTRODUCTION

Lithium, chlorine, and boron are all highly fluid-mobile elements (FMEs).
Their incompatibility in rocks limits modification by fluid-rock interaction,
thereby making them potentially excellent tracers of fluid source. Isotopic
systems of all three elements have been used as a fluid tracer in subduction
zones or to trace recycled crustal material in the upper mantle (e.g., Barnes et
al., 2008, 2009; Chiaradia et al., 2014; Elliott et al., 2006; Ishikawa and Nakamura,
1994; John et al., 2010; Leeman et al., 2004, 2017; Moriguti and Nakamura, 1998;
Peacock and Hervig, 1999; Penniston-Dorland et al., 2010; Straub and Layne,
2002; Zack et al., 2003). Much work has focused on defining the elemental con-
centration and isotopic composition of subduction zone inputs (e.g., sediments,
altered oceanic crust, serpentinites) and outputs from the volcanic front (e.g.,
volcanic gases, melt inclusions in phenocrysts). However, poor constraints
on the elemental concentrations and isotopic compositions from forearc out-
puts limit flux calculations. Most subduction-zone flux calculations of FMEs
ignore contributions from the forearc because forearc output fluxes and the
subducted sources contributing to the forearc outputs are poorly constrained
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(e.g., Barnes et al., 2018; Freundt et al., 2014; Firi et al., 2010; VG lker et al., 2014).
The subaerial Hikurangi forearc of New Zealand overlies portions of the plate
interface as shallow as 12 km and hosts numerous forearc seeps and springs
(Fig. 1), typically submerged at most subduction zones. Easy access to forearc
springs along the margin allows for quantification of volatile flux and source
through the shallow portion of the subduction system.

In addition, there are along-str ke variations in subduction parameters along
the length of the Hikurangi margin (Fig. 1). The northern portion of the margin
is marked by a thin layer of sediments (~1 km) and many seamounts on the
incoming plate, a steep taper angle (7° to 10°) for the accretionary wedge, and
shallow (<15 km) aseismic creep. In contrast, the southern portion has a thick
(3-6 km) package of sediments on the incoming plate, has a low taper angle
(4° to 6°) for the accretionary wedge, and is interseismically coupled to ~30 km
depth (e.g., Wallace and Beavan, 2010; Wallace et al., 2009). Previous studies
have noted a change in the forearc fluid chemistries, specifically an overall de-
crease in the Cl, B, Br, Na, and Sr concentrations in spring waters, from the north
to the south (Giggenbach et al., 1995; Reyes et al., 2010). These observations
raise numerous questions, such as: Is there a slab-derived fluid component to
the springs? Is there a change in the slab-derived fluid source along the margin?
Is there a link between slab-derived fluids and the change in subduction-in-
terface slip behavior? In order to address these questions, we sampled fluids
from 16 cold and two thermal springs (Morere and Te Puia) from the Hikurangi
margin and analyzed them for their Cl, Li, and B isotope compositions. These
data, in conjunction with trace element geochemistry (e.g., Br/Cl, I/Cl, B/CI, Br/B,
and Li/B weight ratios), are used to determine whether fluid sources vary along
the length of the margin, and particularly whether any variation reflects that of
metamorphic reactions or diagenetic processes that may be linked to shallow
aseismic slip events and/or the onset of interseismic coupling.

B HIKURANGI MARGIN
Geologic Setting

The oblique convergence of the Australian and Pacific plates has resulted in
doubly convergent subduction zones along the New Zealand plate boundary:
(1) the Hikurangi Trench that accommodates westward subduction of the Pacific
plate offshore the east coast of the North Island (e.g., Cashman et al., 1992;
Rait et al., 1991), and (2) the Puysegur Trench that accommodates eastward
subduction of the Australian plate offshore the southwestern South Island
(Eberhart-Phillips and Reyners, 2001) (Fig. 1). The two subduction zones are
linked by the Marlborough fault system and Alpine fault (e.g., Lebrun et al.,
2000). Active volcanism began in the Holocene due to the subduction of the
Pacific plate and is primarily confined to the Taupo Volcanic Zone in the central
part of the North Island (e.g., Wilson et al., 1995).

The Hikurangi Plateau, a basaltic, Cretaceous oceanic plateau, is being sub-
ducted at the Hikurangi Trench (Mortimer and Parkinson, 1996). The Hikurangi
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Figure 1. Map of the Hikurangl margin of the North Island of New Zealand showing the location
of sampled cold springs (solid gray stars) and thermal springs (open gray stars). Along-strike
varlationsIn sub par and In properties are summarized (modified from Wal-
lace et al., 2010). SSE—slow-slip events. Inset map shows the tectonic setting of New Zealand.

Plateau thickens from ~10 km in the north to ~15 km near Chatham Rise in the
south (Davy and Wood, 1994). The plateau is dotted with seamounts, which
emerge above the sedimentary cover sequences in the north (e.g., Wood and
Davy, 1994). The plateau is covered with Cretaceous and Cenozoic sediments:
>500 m of Cretaceous (>100 Ma) volcanoclastic sediments and/or limestones
and cherts, ~600 m of Cretaceous (100-70 Ma) clastic sedimentary rocks, and
~200 m of the Cretaceous-Oligocene (70-32 Ma) chalks and mudstones, capped
by a sequence of Cenozoic sediments consisting of chalk interbedded with
tephras and clays and late Cenozoic turbidites (Barnes et al., 2010; Davy et al.,
2008). The turbidite sequence thickens from ~1 km thick in the north to ~5 km
thick in the south (Lewis et al., 1998), coincident with a three-fold decrease
in subduction rate from ~60 mm/yr in the north to ~20 mm/yr in the south
(Wallace et al., 2004). The thin sediment sequence, high convergence rate, and
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rough topography of the incoming plate promotes frontal tectonic erosion
and development of a narrow active wedge in the north, whereas a classic,
wide accretionary wedge has built out rapidly in the south (e.g., Barnes et al.,
2010; Lewis et al., 1998).

The Hikurangi forearc is ~150-200 km wide and consists of an inner founda-
tion of Late Cretaceous and Paleogene pre-subduction rocks, an outer wedge
of late Cenozoic accreted turbidites, and a cover sequence of Miocene to re-
cent shelf and slope sediments, built on a Mesozoic basement of greywackes
(Barnes et al., 2010). Estimated volumes of fluid discharge range from ~20 to
~40 m?® per meter length per year through the shallow portion (<20 km) of the
Hikurangi margin (Ellis et al., 2015; Pecher et al., 2010; Townend, 1997). This
enormous volume of fluid release is manifested in the >250 onshore and >12
offshore spring systems along the eastern margin of the North Island, mud
volcanoes, vent fauna associated with offshore seeps, bottom simulating
reflections interpreted as the base of the gas hydrate stability zone, seismic
reflection data interpreted as subducting fluid-rich sediments, and elevated
pore pressures in exploration wells (e.g., Barnes et al., 2010; Darby and Fun-
nell, 2001; Lewis and Marshall, 1996; Pecher et al., 2010; Pettinga, 2003; Reyes
et al., 2010).

Prior Work on Volatile Flux through the Hikurangi Margin

There have been a few previous studies on the geochemistry of onshore
springs in the Hikurangi forearc. The spring waters discharging from the forearc
are enriched in 0 and D (380 = —4.6%o t0 +7.1%o; 8D = —28%0 to —2%o0) with
respect to local groundwater (880 = -5%.; 8D ~ —30%.) (Giggenbach et al.,
1995; Reyes et al., 2010). Giggenbach et al. (1995) interpreted the 80 and 8D
values of the forearc springs as mixing of local groundwater with 20%-55%
water derived from marine clay dehydration. Reyes et al. (2010) stated that
the oxygen and hydrogen isotope compositions of the forearc fluids are also
consistent with marine sedimentary pore fluids with a fluid component de-
rived from clay dehydration. Either of these interpretations assumes little to
no isotopic exchange with the local rock, which would increase the stable
isotope values. Previous work has shown an overall decrease in the Cl, B, Br,
Na, and Sr concentrations in spring waters from the north to the south in the
Hikurangi forearc, with Cl, I, and Br having distinct highs in the central part
of the margin (Giggenbach et al., 1995; Reyes et al., 2010). The center of the
margin also has high *He/*He ratios in gases (R/R, values up to 3.35 at Morere,
where R/R, is the *He/*He ratio with respect to air), suggesting up to ~40%
mantle He contribution (Giggenbach et al., 1993, 1995). The central margin
with high R/f?A values, corresponding with high Cl, |, and Br concentrations,
has been interpreted as a section of the prism with a greater pathway to the
mantle wedge and subducted component (Giggenbach et al., 1995). However,
1291/] ratios suggest an old iodine source to the forearc fluids, sourced from the
previously accreted material within the forearc and not derived from actively
subducting sediments (Fehn and Snyder, 2003; Fehn et al., 2007).

B METHODS
Sampling

Water samples were collected from 18 different spring systems (Fig. 1;
Table 1). Two of these spring systems are thermal spring systems (Morere and
Te Puia) with discharge temperatures of ~45 and ~65 °C, respectively (Table 1).
The remaining 16 systems are cold springs (discharge temperatures similar
to or below the ambient air temperature). Spring systems previously studied
(Fehn et al., 2007; Giggenbach et al., 1995; Reyes et al., 2010) were sampled
whenever possible to track geochemical changes through time. Several pre-
viously undocumented spring systems were also sampled. Multiple discharge
sites in a given spring system were sampled where possible (Table 1); however,
many of the discharge sites are transient or do not flow year-round.

Water samples were collected using Tygon tubing lowered into the pool
and attached to a peristaltic pump. Samples were collected in separate poly-
ethylene Nalgene vessels for anion, cation, and alkalinity analyses and stable
isotope analyses. Samples to be used for cation analysis were acidified in the
field to a pH of ~2 using 18N HNO, to avoid precipitates from forming. All wa-
ter samples were filtered through a 0.35 ym membrane when possible; the
presence of mud prevented the filtering of some samples.

Cation and Anion Analyses

Cation concentrations (Li, B, Na, Sr, K, Ca, Mg, Al, Si, P, Ti,V, Mn, Fe, Co, Ni,
Cu, Zn, Rb, Zr, Mo, Cs, Ba, U) were measured on an Agilent 7500ce Quadrupole
inductively coupled plasma-mass spectrometer (ICP-MS) at University of Texas
at Austin (UT-Austin, USA). Multiple dilutions of U.S. National Institute of Stan-
dards and Technology (NIST) 1643e were used as the primary reference stan-
dard. Analytical errors are between 1% and 3%. Chlorine concentrations were
measured on a Dionex ICS 2000 ion chromatograph at UT-Austin. Reference
standards were within 5% of the calibration with a minimum detection limit of
0.05 pg/g for CI. Fluorine was below the minimum detection limits of 0.1 pg/g.

Concentrations of Br and | were measured by ICP-MS using a Thermo Ele-
ment 2 at the University of Bremen (Germany) equipped with a self-aspiring
micro-flow nebulizer and a quartz cyclonic-Scott dual spray chamber. In order
to reduce matrix load and minimize memory effects, samples were diluted
1000 fold with a 5% NH,OH solution (suprapure quality), and a blank was ana-
lyzed before each sample (cf. Bu et al., 2003). The system was calibrated with
seven pure standard solutions having concentrations of 0.2-20 ng/ml Br and I.
Sample and calibration solutions were spiked with 1 mg/l Te as an internal
standard. The isotopes Br and '?’| were analyzed in medium resolution and
™Br additionally in high resolution to remove interference by “Ar®®Ar'H. Both
™Br determinations yielded similar results, with a coefficient of determination
of P =0.9993 for the entire data set. The high-resolution data are lower by <3%
on average, and only these values are reported here. The calculated detection
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TABLE 1. LOCATION, SAMPLING TEMPERATURE, pH, CONDUCTIVITY, AND MAJOR GEOCHEMICAL DATA FOR COLD AND THERMAL SPRING FLUIDS ALONG THE HIKURANGI MARGIN, NEW ZEALAND

81|B 51|B 51|B
T Conductivity &"'B (error) (wt avg) (wt avg error) 87Cl &Li &Li 820
Sample IGSN Latitude Longitude Date sampled pH (°C) (mS/cm) (%) (%o) (%e) (%e) (%) (%) lab (%) Cl | Br Li B Na Sr K Ca Mg
Otopotehetehe
Pool 1 IEJDB0017 37°36’55.2”"S  178°08'25.0"E 21June 2015 7.5 148 10.5 - - 27.3 11 -1.2 42 UT - 6143 3.80 184 9.5 100.0 3373 28.8 24 245 10.9
Main IEJDB001C  37°36'55.2"S  178°0825.0"E 21 June 2015 - - 36 - - - - - - - - - - - 132 122.1 5157 40.0 57 670 28.7
2 |EJDB001B 37°37°19.8”"S  178°08'38.0"E 21 June 2015 - 134 13.5 - - 19.1 11 -01 35 UT - 7919 0.40 245 5.0 85.9 4456 29.6 29 343 43.2
#1 |EJDBO0O1 37°36'55.2"S  178°08'25.0"E 2 March 2016 7.54 22 9.9 - - 242 1.0 -04 41 C 65 7912 5.05 257 125 130.1 4515 38.5 36 297 14.1
- - - - - - 44 UT -
#2 |EJDB0002 37°36’556.2"S  178°08'25.0"E 2 March 2016 7.42 20 13.6 - - - - - - - - - - - 11.6 131.7 4490 39.9 37 328 16.7
Te Puia
TP1 IEJDBOO1E 38°03'27.4”"S  178°18'10.7’E 26 March 2014 - - - - - - - -03 - - - 8716 - - 3.2 724 4452 741 40 718 741
TP2 IEJDBOO1F  38°0327.4"S 178°18’10.77E 26 March 2014 - - - - - - - -0.1 - - - 5204 - - 1.7 43.7 2653 43.0 25 453 6.0
Pool 1 IEJDB0012 38°0327.4"S  178°18’10.77E 21 June 2015 6.83 65.6 43.4 - - 19.8 0.6 -03 -31 UT 4.0 8959 18.0 29.2 3.2 72.6 4427 73.8 41 716 7.2
Pool 2 IEJDB0013 38°0327.4"S  178°18'10.77E 21 June 2015 6.47 66.4 404 - - - - - - - - - - - 3.1 724 4369 737 41 722 69
Hillside 1EJDB0003 38°03'28.6"S  178°18'14.0"E 3 March 2016 - - - - - - - 00 26 C - 6940 462 226 22 62.1 3510 584 32 594 7.9
Waitangi
Oil IEJDB0O00Z  38°20°32.31"S 177°54’'04.63"E 7 March 2016 - - - - - - - - - - - - - - bdl bdl 40 02 6 16 3.8
Well IEJDBOOOF  38°20717.90”S 177°53'48.76"E 7 March 2016 - - - - - - - -08 43 C - 3222 17.8 10.9 1.7 13.6 2619 47 7 12 75
Mokarau IEJDBOO0A  38°2729.04”S 178°13'49.46"E 6 March2016 7.55 22.2 21.8 - - 23.2 0.5 -0.3 17.0 UT 5.0 8275 1.99 259 1.6 60.2 3981 45.2 22 631 50.7
Waimata
IEJDB0015  38°2917.3"S  178°03'12.4"E 20 June 2015 7.45 135 8.31 - - 11.8 21 -06 15 UT - 6649 0.75 19.5 1.9 58.3 3903 20.0 25 239 38.5
1 IEJDB0005 38°29°17.7"S  178°03'122"E 5March2016 7.55 19.6 12.6 - - 25.3 0.5 -03 04 UT 38 6546 6.40 21.1 1.9 65.7 3871 23.2 23 178 29.7
2 |EJDB0006  38°2917.7"S  178°03'12.2"E 5March2016 7.95 18.8 14.3 - - - - - - - - - - - 1.8 63.3 3887 21.9 25 160 31.0
Monowai
1 IEJDB0007 38°30725.43"S 178°01’32.78"E 5 March 2016 7.77 23.6 13.6 36.9 0.5 36.7 0.4 -12 37 C 22 5723 120 17.2 1.1 252 3363 9.5 16 85 26.7
36.2 0.8 - - -05 35 UT -
-0.8
Gasspring 1 IEJDBO00G  38°29'45.25"S  178°01'8.89"E 8 March2016 7.76 21.6 13.6 - - 30.7 0.3 -02 30 UT - 6738 526 204 1.3 57.7 3998 14.5 25 130 38.0
Gasspring2 IEJDBOOOH  38°29'45.25"S 178°01'8.89"E 8 March2016 7.95 245 16.55 - - - - 00 - - - 5880 12.2 17.2 1.0 43.8 3414 123 23 133 38.6
Whangara
B51 |EJDBO00B  38°3121.15”S 178°1324.31"E 7 March2016  7.51 - 15.72 - - 40.1 1.3 -0.9 22 UT 3.0 5572 19.7 260 1.4 26.5 3916 145 19 55 28.8
B52 IEJDBO0OOC  38°31°21.15”S 178°13'24.31”"E 7 March 2016 - 21.7 119 - - - - - - - - - - - 1.4 26.7 3925 169 18 77 34.0
Waihireri
1 IEJDBO01D  38°34'19.7"S  177°56'26.4"E 20 June 2015 8.05 14.9 8.95 - - 37.7 1.2 -1.0 67 UT - 5163 1.03 155 0.9 30.2 3164 6.7 20 121 24.7
1 IEJDB0008 38°34'19.7"S  177°56'26.4"E 5 March2016 8 25.8 14.77 - - 37.5 0.5 -06 9.1 UT 1.8 5058 158 159 0.7 32.0 3051 6.3 15 98 19.8
- - - - -05 - - -
2 |EJDB0009 38°34'19.7"S  177°56'26.4"E 5 March2016 7.86 28.1 13.25 - - - - - - - - - - - 09 302 3112 75 15 99 18.7
Wheatstone
IEJDB0018  38°40'50.0”S  178°03'50.5"E 21 June 2015 7.63 14.6 1125 - - 24.9 0.3 -0.6 09 UT 57 6831 135 236 29 37.6 3704 429 31 334 58.0
- - - - -03 - - -
1 IEJDBO0OD  38°40'50.0”"S  178°03'50.5"E 7 March2016 7.4 253 16.5 - - - - -05 23 C - 6701 345 234 2.8 39.8 3759 43.3 28 279 54.9
2 |EJDBOOOE 38°40'50.0"S  178°03'50.5"E 7 March2016 7.46 24.1 13.77 - - - - - - - - - - - 2.8 39.7 3768 40.9 28 257 53.7
(continued)
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TABLE 1. LOCATION, SAMPLING TEMPERATURE, pH, CONDUCTIVITY, AND MAJOR GEOCHEMICAL DATA FOR COLD AND THERMAL SPRING FLUIDS ALONG THE HIKURANGI MARGIN, NEW ZEALAND (continued)

81|B 51|B 51|B
T Conductivity 8B (error) (wt avg) (wt avg error) 8*Cl &Li &Li 80
Sample IGSN Latitude Longitude Date sampled pH (°C) (mS/cm) (%) (%o) (%e) (%e) (%) (%) lab (%) Cl | Br Li B Na Sr K Ca Mg
Morere
MR1 IEJDB001G 38°59°11.2"S  177°47'28.9"E 26 March 2014 - - - - - - - 00 - - - 16409 - - 5.2 45.0 6299 202.1 79 2681 78.4
- - - - 00 - - -
Pool 1 IEJDB0011 38°59°05.4”S  177°47'54.2"E 22 June 2015 6.6 442 55.3 - - 25.8 0.7 -02 7.8 UT 3.6 15989 24.7 63.5 5.0 42.8 6075192.3 77 2589 72.7
Pool2 IEJDB0014 38°59'05.4"S  177°47'542"E 22 June 2015 6.55 442 55.5 - - - - 01 - - - 15847 251 63.1 4.9 43.7 6170193.5 77 2559 74.3
Mahia
1 IEJDBOOOI 39°8'27.48”"S 177°55’44.74"E 8 March2016 6.85 22.6 38.8 227 04 231 0.2 -11 71 C 3.0 15004 2.64 62.7 3.4 46.6 6301 145.5 45 2483 52.8
233 03 - - - 73 UT -
2 |EJDB000J 39°8'27.48"S 177°55’44.74"E 8 March 2016 - - 341 - - - - - - - - - - - 3.3 46.6 6308 140.6 43 2427 54.1
3 IEJDBO0OOK 39°8'29.41”S 177°55’43.59"E 8 March2016 6.8 21.5 38.8 - - 24.0 0.9 -04 68 UT - 16429 8.03 66.5 3.4 45.8 6429 146.3 46 2488 65.7
New 1 |IEJDBOOOL 39°7'58.38"S  177°55'57.40"E 8 March 2016 - 20.1 26 - - 37.7 0.7 -0.7 -0.8 UT 16 11580 - - 2.0 35.7 5198 61.3 30 1159 73.1
New 2 IEJDBOOOM  39°7'58.38"S 177°55'57.40"E 8 March 2016 - 222 32 - - - - -06 23 C - 14851 244 691 27 41.2 6386 89.3 44 1674 157.9
Raukawa
Cement |EJDB000Q  39°42'58.43”S 176°37'54.33"E 9 March2016 7.77 15.3 94 - - 34.9 2.2 0.3 19.4 UT -71 2998 1.37 16.0 0.4 3.7 1784 2.8 59 55 73.1
Pipe IEJDBOOOR  39°43'38.71”S 176°38'12.11"E 9 March 2016 7.94 18 3.3 - - - - - - - - - - - 0.1 29 748 0.1 20 1 20
Waipuka IEJDB0010  39°45'54.56”S 176°594.61"E 12 March 2016 8.24 17.1 31.1 420 11 41.9 0.9 -1.3 48 UT 5.0 9999 71.7 36.6 1.9 342 6614 9.9 57 183 66.3
416 1.6 - - - - - -
Kahuranaki IEJDBOOOP  39°46'50.06”S 176°50°13.51"E 10 March 2016 7.45 17.6 11.06 - - 31.4 1.4 -0.2 -26 UT -1.1 3572 355 104 0.4 51.4 1774 9.0 19 524 122
Puhokio
Puhokio 1 IEJDBOOON  39°49'52.19”S 176°58'28.36"E 9 March2016 7.82 21 8.2 - - 41.9 0.9 -0.1 57 UT 1.5 2547 20.8 980 0.8 21.7 1845 3.8 16 70 112
Puhokio 2 IEJDB0000  39°49'50.48"S 176°5823.36"E 9 March2016 8.1 186 9.1 - - - - -02 - - - 2693 19.8 104 1.3 31.0 1929 2.7 25 52 259
Wairakau IEJDBO0OY  40°37°27.99"S 176°16’19.87"E 11 March 2016 - - - - - - - - - - - - - - bdl bd 33 1.7 8 313 284
Mangapakeha
Cone IEJDB0O016  40°54’17.0"S  176°00'50.8"E 25 June 2015 6.8 9.8 5.05 - - 38.8 0.3 -0.1 200 C 26 2438 133 639 0.2 359 1664 38 5 50 3.3
Sulfide pool IEJDB0019 40°54’17.0"S  176°00'50.8"E 25 June 2015 - - - - - - - - - - - 2463 334 622 03 351 1613 1.7 4 22 19
Main vent |EJDBOO1A  40°54’17.0”"S  176°00'50.8"E  25June 2015 6.97 9.7 3.6 - - 16.2 0.4 -03 - - - 2363 0.31 6.04 0.2 36.8 1577 7.1 11 104 83
Cone |EJDBOOOV 40°54’17.0"S  176°00'50.8”"E 11 March2016 8.75 17.4 6 - - - - - - - - 2488 121 6.80 04 376 1710 3.0 3 24 13
Small cone IEJDBOOOW  40°54’17.0”"S  176°00'50.8"E 11 March2016 85 17.9 7.65 - - - - - - - - - - - 02 38.1 1649 25 3 27 20
Main vent |IEJDB000X 40°54’17.0"S  176°00'50.8"E 11 March2016 7.91 17.7 5.78 - - 37.9 1.2 -0.8 192 UT 28 2485 572 620 04 38.0 1555 44 6 44 34
Waikekino
1 IEJDBO00S  41°152.34"S 175°49'45.12"E 10 March2016 8.5 144 9.43 309 05 308 0.5 04 09 UT 48 3108 120 10.0 0.4 162 1976 62 9 33 35
303 23 - - - - - -
2 |EJDBOOOT  41°152.34"S 175°49°45.12"E 10 March 2016 8.25 14.8 7.8 - - - - - - - - - - - 04 16.0 1997 53 6 27 29
3 |EJDBOOOU 41°15'2.34"S  175°49°45.12"E 10 March 2016 8.46 13.4 8.43 - - - - -06 25 C - 3140 6.68 10.6 04 174 1964 74 7 44 43

Notes: Concentrations are in mg/L. Replicate analyses of some samples are presented in multiple rows. Isotopic values are of boron, lithium, chlorine, and oxygen are relative to SRM951, L-SVEC, SMOC, and VSMOW, respectively.
Given error for boron isotope analyses represents two standard deviations. Li isotope analyses were conducted in different labs (UT—University of Texas at Austin; C— Carnegie). IGSN—international geo sample number; wt avg—

weighted average; bdl—below detection limit. If no value given (dash), then not analyzed.
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limit (3¢) for the samples is 0.33 ng/ml for Br and 0.10 ng/ml for I. Accuracy is
5%-10% or better as based on analyses of a reference solution independently
made from pure standards not used for calibration. Precision is around 2%-3%
for | and 5%-10% for Br, as judged from the internal precision of all runs as
well as from replicate analyses of two aliquots at the beginning and the end
of the analytical session.

Cl, Li, B, and O Isotope Analyses

The chlorine isotope compositions of the waters were measured at UT-Aus-
tin using a Thermo Electron MAT 253 mass spectrometer and are reported
in standard per mil notation versus standard mean ocean chloride (SMOC;
8%Clgy,0c = 0%o). Cl isotope methods are based on Eggenkamp (1994). Analytical
precision is £0.2%. (1 SD) based on the long-term precision of three seawater
standards. Duplicate analyses are reported in Table 1, but all figures and dis-
cussion use average values.

The lithium concentrations and isotopic compositions of the waters were
analyzed using the Nu Plasma HR multi-collector-ICP-MS (MC-ICP-MS) at
the Department of Terrestrial Magnetism (DTM) at the Carnegie Institution of
Washington (USA) and the Nu Plasma 3D at UT-Austin according to the method
described in Teng et al. (2004). Waters were evaporated and taken up in 4M
HCI for column chemistry at the University of Maryland (College Park, USA).
These solutions were passed through three cation-exchange columns in order
to separate Li for analysis. The samples were analyzed by standard bracketing
using the L-SVEC standard. Samples were aspirated at ~50 uL/min at DTM and
~100 pL/min at UT-Austin. Results are reported as &'Li relative to the standard
L-SVEC. Long-term reproducibility of Li isotope measurements is within +1%.
(20) as determined by Teng et al. (2004), and verified through analysis of Li
solution standards UMD-1 (+54.7%o) and IRMM-016 (+0.1%o) during each ana-
lytical run. The average &’Li value for all measurements of UMD-1 is 55.2%o +
0.9%o (2 standard deviations [SD], n=5) at DTM, and for IRMM-016 it is 0.1%o
+ 0.2%0 (2 SD, n=11) at DTM and 0.2%. + 0.2%. (2 SD, n = 72) at UT-Austin.
Measured ’Li voltages for samples are compared to the ’Li voltage measured
for the 50 ppb L-SVEC standard to determine the concentration of Li in solution
and then adjusted for the mass of each sample powder dissolved to determine
the rock Li concentration. This results in values for Li concentration with 2¢
uncertainties of <t10% (Teng et al., 2006) for standard materials.

To evaluate potential inter-laboratory biases, a suite of 20 samples from this
and other studies was analyzed at both DTM and UT-Austin (separate splits of
same Li solution aliquot). The average offset between the DTM and UT-Austin
analyses is only 0.04%. (Fig. S1 in the Supplemental Material'), and the exter-
nal reproducibility calculated from sample duplicate analyses is 0.61%o (2 SD).
This uncertainty incorporates analytical error at both DTM and UT-Austin, but
does not account for error deriving from chemical separation and purification
of lithium. To assess total procedural error, several lithium standards with
matrices ranging from seawater to rhyolite were processed at the University

of Maryland and analyzed at both DTM and UT-Austin. With the exception
of one BVHO-2 analysis at DTM (measured &’Li = 2.63%o; accepted value =
4.70%.), the measured &’Li values of all geologic standards were within 1% of
the accepted value (Fig. S2 [footnote 1]). Excluding the one outlier, the total
external reproducibility is estimated at 0.75% (2 SD, n = 8). Inclusion of the
outlier increases the estimated uncertainty to 1.2%. (2 SD, n=9).

The boron isotope compositions were determined at the Istituto di Geo-
scienze e Georisorse-Consiglio Nazionale delle Ricerche of Pisa (Italy) using a
single-collector VG Isomass 54E positive thermal ionization mass spectrome-
ter. Boron isotope composition of the sample is reported in the conventional
delta-notation (3"B) as per mil (%.) deviation from the accepted composition
of NIST SRM 951 (certified "B/"B = 4.04362; Catanzaro et al., 1970). Boron was
separated from matrix by the ion-exchange chromatography procedure as
described by Tonarini et al. (1997). The external reproducibility of B isotope
composition is +0.5%., evaluated by repeated analyses of the NIST SRM 951
standard taken through the full chemistry.

The oxygen isotope compositions were measured at UT-Austin. Due to the
highly saline nature of the samples, the waters were distilled under vacuum
prior to analyses. Two milliliters (2 mL) of water was introduced into an Exe-
tainer vial and flushed with 3000 ppm CO,, in ultra-high purity helium. After
samples were equilibrated for 24 h at 50 °C, headspace CO, was analyzed via
continuous-flow mass spectrometry using at a GasBench Il interfaced with
a Thermo Electron MAT 253 mass spectrometer. All data are normalized to
Vienna standard mean ocean water (VSMOW), using a four-point calibration
of in-house standards which were themselves calibrated against VSMOW
and Standard Light Antarctic Precipitation. Analytical precision is better than
+0.2%. (1 SD).

B RESULTS

Cation and anion concentrations have a large range along the length of the
Hikurangi margin: Cl, 2400-16,000 mg/L; Br, 670 mg/L; 1, 0.4-72 mg/L; Sr, 0.1-
200 mg/L; B, 3-130 mg/L; Li, 0.1-13 mg/L; and Na, 33-6600 mg/L (Table 1; Table
S1 [footnote 1]). Most elements show an overall decrease in concentration from
north to south along the margin, as well as a noted concentration high in the
central part of the margin at ~39°S (Fig. 2). Concentrations of Na, Cl, Sr, and
Li in springs north of ~39°S are significantly higher than in springs south of
~39°S (p < 0.05; Mann-Whitney U-test, which evaluates the equality of means
without assuming normally distributed variables, where values of p < 0.05 are
typically considered significant). Br, B, and | concentrations are not significantly
different in the north compared to the south, although the p-value for Br (0.068)
is relatively low compared with those for B and | (0.5). Springs between 38°45’S
and 39°15’S, at or near the central high concentrations, are not included in
the statistical evaluation. The range in concentrations and overall trend are
consistent with data from previous studies (Fehn et al., 2007; Giggenbach et
al., 1995; Reyes et al., 2010). Br/Cl weight ratios range from 0.0025 to 0.005,
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Figure 2. Cation and anion concentrations in forearc spring flulds along the length ofthe Hikurangl
margin. Gray symbols show the previous data of Giggenbach et al. (1995), Fehn et al. (2007),
and Reyes et al. (2010). Black symbols are data from this study. Gray dashed lines delineate the
location of the two thermal springs, Te Pula and Morere.

I/C1 weight ratios from 0.00005 to 0.007, B/Cl weight ratios from 0.001 to 0.016,
and Li/B weight ratios from 0.006 to 0.13 (Figs. 3 and 4). Note that the spring
named Waitangi-oil is dominated by hydrocarbons. Data for Waitangi—oil are
given in Table 1, but are not included in any figures or discussion given its
distinctly different geochemistry compared to the other springs.

Values of 8¥Cl, 8"B, and &Li range from —1.3%o. to +0.4%o. (n = 36), 11.8%o
to 41.9%. (n = 25), and -3.1%. to +29.0%. (n = 29), respectively (Table 1; Fig. 5).
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Figure 3. Halogen, boron, and lithium weight ratios of forearc spring flulds along the length of the
Hikurangl margin. Seawater value and range of sedimentary pore fluid compositions are given for
reference (Fehn et al., 2006, 2007; John et al., 2011; Kopf et al., 2000; Muramatsu et al., 2001; Wel
et al., 2005). Ranges of Br/Cl and I/Cl values for sediments are from John et al. (2011). Sediments
have high B/Cl and LI/B ratios based on the average values of the upper continental crust (0.05
and 1.2, respectively) (Rudnick and Gao, 2003). Gray dashed lines delineate the location of the
two thermal springs, Te Pula and Morere.

Despite the change in element concentration along the margin, there is no
corresponding trend in the isotopic composition of the spring fluids. §'®0 val-
ues range from -7.1%. to +6.5%. (n = 18) (Table 1), consistent with previously
reported 8'°0 values of Hikurangi forearc springs (-4.6%o to +7.1%.; Fig. S3
[footnote 1]) (Giggenbach et al., 1995; Reyes et al., 2010).

Based on comparison of these data with data from the same springs in
past studies, there is limited variability in cation and anion concentrations
through time (Fig. 2). We also sampled some springs twice in a nine-month
period or three times in a two-year period and observed little change in cat-
ion and anion chemistry (Table 1; sampling date given). In addition, most
discharge sites within a given spring system have similar cation and anion
concentrations, although there is variability at some sites (e.g., Otopotehetehe,
Te Puia) (Table 1; Fig. 2). No previously published Cl, B, or Li isotope data exist
on these springs for comparison. Based on our work, there is no shift in the
Cl, B, or Li isotope composition of the springs during the two-year sampling
period, and most discharge sites within a given spring system have relatively
constant &*Cl, 8"B, and &'Li values (Table 1). However, two spring systems,
Mahia and Mangapakeha, display large intra-spring system variability in "B
and &Li values (Table 1). For example, three different discharge sites sampled
at Mahia in 2016 have 3"B values ranging from 23.1%. to 37.7%. and &’Li values
ranging from -2.3%o to +7.3%..
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Figure 4. Br/Cl versus I/Cl ratios of Hikurang| forearc fluids (black circles). Halogen
ratios of sedimentary pore fluids are from Fehn et al. (2006, 2007) and Muramatsu
et al. (2001) and references therein. Sediment data are from John et al. (2011). Ser-
pentinite data are from Kendrick et al. (2013). Altered oceanic crust (AOC) data are
from Chavrit et al. (2016). Mid-ocean ridge basalt (MORB) data are from Jambon et al
(1995) and Kendrick et al (2012a, 2012b). Figure modified from Kendrick et al. (2013).

M DISCUSSION
Volatile Source

Some Li, Cl, and B can be incorporated into secondary minerals (e.g., ze-
olites, clays, chlorite, biotite, actinolite) during fluid-rock interaction, but in
general, experimental and empirical data show that at temperatures <~150 °C,
limited amounts of Li, Cl, and B are removed or added to the fluid either due
to formation of secondary minerals or leaching of the host rock, respectively
(e.g., Berger et al., 1988; James et al., 2003; Reyes and Trompetter, 2012; Sey-
fried et al., 1998, 1984). For Li, some experimental work has suggested that
it can be released into the fluid phase with increasing temperatures from 25
to 250 °C despite the production of clay minerals (Millot et al., 2010), and at
lower temperatures (<40 °C), B may be removed from the fluid by absorption
onto clays (e.g., Keren and Mezuman, 1981; Palmer et al., 1987). Estimated
subsurface temperatures for Hikurangi forearc cold and thermal springs are
all <120 °C using K/Mg, K/Na, and silica geothermometry (Reyes et al., 2010),
therefore modification of elemental ratios via fluid-rock interaction is thought
to be limited, but we acknowledge that some modification is possible, par-
ticularly for lithium. More modification of elemental ratios is expected in the
higher-temperature systems of Te Puia and Morere, which are highlighted
in Figures 2, 3, and 5. To our knowledge, there are no published CI, Li, or B
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isotope data for the subducting sediments at the Hikurangi trench or for the
underlying rocks in the Hikurangi forearc, therefore compositional estimates
for potential reservoirs are made based on global data sets.
Bromine/chlorine (Br/Cl) weight ratios in the forearc springs range from
~0.0025 to 0.005, similar to seawater (0.003) and marine sedimentary pore fluid
values (0.0035-0.009) (Fehn et al., 2006, 2007; Muramatsu et al., 2001) (Figs.
3 and 4). I/Cl weight ratios span a large range from ~0.00005 to 0.007, over-
lapping with values of seawater, marine sedimentary pore fluids, and marine
sediments (Fehn et al., 2006, 2007; John et al., 2011; Muramatsu et al., 2001)
(Figs. 3 and 4). In contrast, B/Cl weight ratios (0.001-0.016) of the spring fluids
are significantly higher than the seawater value of 0.00025. B/Cl weight ratios
of marine sedimentary pore fluids range from 0.00009 to 0.002 (most values
higher than that of seawater) (Kopf et al., 2000; Wei et al., 2005), overlapping
with those of some spring fluids. The high boron concentrations in the spring
fluids suggest the addition of boron, likely from either subducting sediments
or local sediments within the forearc. Li/B weight ratios of the spring fluids
range from 0.006 to 0.13, with most values higher than that of seawater (0.035).
Sedimentary pore fluids have Li/B values of 0.01-0.9, with most values <0.03
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(Kopf et al., 2000). High Li/B ratios in forearc fluids have previously been in-
terpreted as being due to leaching of Li from the local rock (Giggenbach et al.,
1995). Recent work on a prograde metasedimentary suite shows that little Li
is lost from the subducting slab during dehydration reactions to depths of 40
km (Penniston-Dorland et al., 2012), supporting the interpretation that addition
of Li may be locally derived rather than sourced from subducting sediments.
Previous work interpreted higher §'®0 and 8D values of forearc waters, com-
pared to those of local groundwater, as indicating some contribution of fluids
released from subducting dehydrating sediments or subducting sedimentary
pore fluids with a fluid component derived from clay dehydration (Giggen-
bach et al., 1995; Reyes et al., 2010). Given the larger range of 8'°0O values
compared to 8D values of the samples, §'®0 values are plotted relative to l/CI,
B/Cl, and Li/B (Figs. 6A-6C). Higher 5'®0 values indicate a greater component of
sedimentary-derived fluid. No strong correlations are observed between §'°0
values and I/Cl, B/Cl, and Li/B (Figs. 6A-6C), however if the Raukawa sample is
ignored, the correlation between §'®0 values and Li/B is marginally significant
(Ftest; p = 0.059) suggesting some contribution from sediment-derived Li. In
sum, based on elemental ratios alone, halogens, B, and Li are likely sourced
from shallow recycling of seawater and marine sedimentary pore fluids, pos-
sibly with some contribution from local fluid-rock interaction. Chlorine, lithium,
and boron isotope data are used to further evaluate source of these elements.

Previous work on the chlorine isotope composition of thermal waters (Yel-
lowstone, western United States; Iceland; Indonesia; Cascadia, North American
Pacific coast; Taupo Volcanic Zone, New Zealand) reports values ranging from

~=1%0 to ~+2%o, interpreted to reflect magmatic input and/or leaching of CI
from the host rock during water-rock interaction (Bernal et al., 2014; Cullen et
al., 2015; Eggenkamp, 1994; Li et al., 2015; Stefansson and Barnes, 2016; Zhang
et al., 2004). Given the low temperature of the cold springs from the Hikurangi
margin compared to these previous studies, it is likely that leaching of Cl from
host rock is limited. The 8’Cl values of the Hikurangi forearc fluids range from
—1.3%0 to +0.4%. (average = -0.4%o + 0.4%) and show no trend along the length
of the margin (Fig. 5). Seawater has a &*’Cl value of 0% by definition (Kaufmann
et al., 1984) and is isotopically homogeneous (Godon et al., 2004b). Marine
sedimentary pore fluids range from -7.8%o to +0.3%o, with the vast majority of
samples being negative (Bonifacie et al., 2007; Godon et al., 2004a; Hesse et
al., 2000; Ransom et al., 1995; Spivack et al., 2002). The range in 8*’Cl values of
the forearc fluids (-1.3%. to +0.4%.) suggests contributions from both seawater
and sedimentary pore fluids. However, based on the chlorine isotope compo-
sitions alone, the dehydration of marine sediments, which have negative 5*’C|
values (down to -2.5%.) (Barnes et al., 2008, 2009), cannot be discounted as a
chlorine source. Previous work shows no Cl isotope fractionation during met-
amorphic devolatilization of sedimentary rocks (Selverstone and Sharp, 2015),
and therefore fluids released from dehydrating sediments should reflect their
source composition. The lack of correlation between 8Cl and 80 values (Fig.
6F), as well as the lack of correlation between 3*Cl values and I/Cl and Br/CI
ratios (Figs. 7A-7B) suggests that dehydrating marine sediments are not a sig-
nificant Cl source. However, given the large possible range of 5’Cl values and
I/Cl and Br/Cl ratios for marine sediments, a distinct correlation may not occur.
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The boron isotope composition of geothermal fluids tends to show lit-
tle variation with temperature or concentration of major elements (with the
exception of Cl) (e.g., Millot and Négrel, 2007; Musashi et al., 1988; Palmer
and Sturchio, 1990). Due to these observations and the relatively incompat-
ible behavior of boron, B isotope geochemistry has been used to determine
the source of B in hydrothermal fluids (Aggarwal et al., 2000, 2003; Millot et
al., 2012; Millot and Négrel, 2007; Musashi et al., 1988; Palmer and Sturchio,
1990). 3"B values of the Hikurangi forearc waters range from 11.8%o to 41.9%.
(average = 29.7%. + 8.5%.) with no isotopic trend along the margin. These val-
ues are largely consistent with the values for seawater (39.6%.) and marine
sedimentary pore fluids (>~17%) (Deyhle and Kopf, 2002; Kopf et al., 2000;
You et al., 1996, 1993). With increasing temperature during subduction, B is
preferentially desorbed from clays, leading to increasing boron concentration
and decreasing 8"B values documented in sedimentary pore fluids as well as
in mud volcanoes (You et al., 1996). Recent modeling work suggests that at
non-accretionary margins, which receive less incoming insulating sediments,
like the northern Hikurangi, boron desorption and fractionation lead to higher
concentrations of boron and lower "B values in the pore fluids (Saffer and
Kopf, 2016). If the Raukawa sample is ignored (off-scale point in Fig. 7D), then
the correlation between 1/[B] and B isotope composition of the forearc springs
is significant (Fig. 7D; Ftest; p = 0.004); however, the trend is no longer sig-
nificant if all data are included. In addition, B concentrations and §"B values
are not significantly different in the north compared to the south (see Results
section above). Instead, given the intra-spring boron isotopic variability, it is

likely that the 8"B values reflect some local absorption and desorption effects
or minor interaction with host greywacke, for which a negative 8"B value be-
tween -3.9%o and -3.1%. is assumed but not measured (Aggarwal et al., 2003).
Such intra-spring isotopic variability is well documented at Mangapakeha. In
2015, the main vent had a 8B value of 16.2%., whereas fluids from a nearby
small cone had a 3"B value of 38.8%.. In 2016, the main vent had a 3"B value
of 37.9%.. Although high B/CI weight ratios of Mangapakeha fluids suggest an
additional source of boron, high 8"B values in the same samples suggest lim-
ited contribution of B from dehydrating sediments from the subducting slab or
leached from local sediments, as sediments typically have negative "B values
of about —10%. to ~0%o (Palmer and Swihart, 2002). Experimental data suggest
that B isotopes may fractionate during dehydration reactions, with fluid being
enriched in "B by up to 30%. with respect to clay at 25 °C (Wunder et al., 2005).
However, even with such potentially large isotopic fractionation, the high "B
values (>30%o) are unlikely to be explained by fluids released from sediments.
Overall, the highly positive &Li values (>+10%.) of the Hikurangi forearc fluids
are consistent with a seawater and/or marine sedimentary pore fluid source (Fig.
5). Seawater has a &’Li value of +31%., and sedimentary pore fluids have a large
range in &Li values from ~+10%o. to +45%o. (Tomascak et al., 2016, and references
therein). The majority of the forearc fluids have &Li values <+10%. and are inter-
preted to represent local modification via interaction with host sediments and
greywackes (sedimentary materials have &’Li values between ~-5%. and +10%o;
Tomascak et al., 2016, and references therein). Modeling of Li behavior during
equilibrium fluid flow at higher temperatures in a paleo-accretionary wedge
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(Otago Schist; Qiu et al., 2011) found that fluids with low Li concentrations (such
as the waters of this study) would not retain the isotopic composition of their
source. Rather the fluids may pick up the isotopic composition of the sedimen-
tary rocks of the accretionary prism while traveling through them.

As discussed above, the behavior of lithium in hydrothermal systems is not
well understood. Most hydrothermal experiments on sediments and basaltic
glass show that little Li is released into solution at low temperatures (<~150 °C
to 250 °C), but is lost to solution at higher temperatures (~350 °C) due to the
breakdown of clay minerals and zeolites (e.g., Berger et al., 1988; James et al.,
2003; Seyfried et al., 1998), suggesting limited modification in low-temperature
systems. However, some experimental work has demonstrated an increase in
Li concentration and decrease in &’Li value of the fluid during fluid-rock inter-
action with increasing temperature from 25 to 250 °C (Millot et al., 2010). That
work suggested that variations in Li concentration and &’Li values can occur
due to the competing effects of mineral dissolution and the precipitation of
secondary minerals, which are more pronounced at higher temperature. The
cold springs on the Hikurangi margin have &Li values ranging from —2.6%. to
+29.0%o, whereas the thermal springs of Te Puia and Morere have &'Li values of
-3.1%o0 to —2.6%. and of +7.8%., respectively, indicating that there is not a direct
relationship between &Li values and temperature. However, it is interesting
to note that the higher &Li values are found in the cold springs. The interpre-
tation of lowering of &Li values due to fluid-rock interaction and addition of
Li leached from the host rock implies a correlation between decreasing &’Li
values and decreasing values of 1/Li, which are strongly correlated (p = 2.5
x 1077; Ftest; Fig. 7F) if values from Kahuranaki and Waikekino are ignored.

Diffusion of Li is another process that may contribute to variations in &Li
values. Lithium isotopes undergo kinetic fractionation during diffusion due to the
faster diffusion of 6Li compared to ’Li, resulting in variations in &Li values (e.g.,
Richter et al., 2006). Diffusion could induce isotopic fractionation during inter-
action between ascending fluids and wall rock due to Li diffusion assisted by a
grain-boundary fluid (cf. Qiu et al., 2011). Li diffusion out of leach layers developed
around minerals during mineral dissolution could also induce isotopic fraction-
ation (e.g., Verney-Carron et al., 2011). This phenomenon was more pronounced
during early stages of leaching, suggesting that the extent of fluid-rock interaction

plays arole. The variability observed in some springs in this study, such as Mahia,
may represent localized diffusive processes of either of these types.

Although CI, B, and Li are all FMEs, their concentrations in a fluid and their
isotopic composition in the fluid may be modified by fluid-rock interaction, with
lithium being the most modified via incorporation in secondary minerals and
kinetic fractionation, and chlorine the least modified. Therefore, although all
three isotopic systems can be used to trace fluids, the three elements do not
act in concert. The Li, Cl, and B isotope compositions of the Hikurangi margin
fluids do not correlate with each other (Fig. 8), demonstrating that the isoto-
pic compositions of the fluids do not simply reflect the mixing of different
amounts of seawater. Instead, the differing behavior of the three elements
leads to minor modifications to the isotopic systems as they interact with the
upper plate during their upward ascent.

Role of the Upper Plate in Controlling Forearc Spring Fluid Chemistry

Halogen weight ratios, *Cl values, and 5"B values of the Hikurangi forearc
fluids largely suggest that the fluids are dominated by shallowly expelled seawa-
ter and sedimentary pore fluids, with some sediment contribution, particularly
in the case of lithium. It is likely that the sediment contribution is from local
fluid-rock interaction in the accretionary wedge, as has also been proposed for
high concentrations of iodine (Fehn and Snyder, 2003; Fehn et al., 2007) and the
lithium isotope compositions (Qiu et al., 2011), rather than from dehydrating
sediments in the subducting slab. Previous researchers have suggested some
contribution (20%-55%) of water from the dehydration of subducting clays to
the forearc fluids based on oxygen and hydrogen isotope data (Giggenbach
et al., 1995); however, Cl, Li, and B ratios and isotope compositions show no
strong correlations with 8'®0 values, implying that these elements are mini-
mally sourced by dehydrating subducting sediments (Fig. 6). Weak correlations
between §'®0 values and Li/B may suggest the addition of some Li from local
sedimentary rock. Despite the evidence for limited variation in FME source
composition along the margin, there is a decrease in the absolute concentration
of most FMEs from north to south and distinct concentration highs at ~39°S.
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Previous researchers have speculated that this decrease in concentration
is due to a lower volume of subducted sediments or a lower volume of sub-
ducted water rising through the overlying crust in the south (Reyes et al.,
2010). Although it has been shown that the sediment thickness on the down-
going plate is significantly greater in the south compared to the north (Lewis
et al., 1998), seismic tomographic data suggest sediment subduction and/or
underplating at the central and northern sections of the North Island where
the margin is erosional, in contrast to the smaller amount of sediment sub-
duction and/or underplating at the southern end of the island where a large
accretionary prism is developed (e.g., Eberhart-Phillips and Bannister, 2015;
Eberhart-Phillips et al., 2005). Yet, seismic reflection data show subducted
and underplated sediment underneath the southern portion of the Hikurangi
margin (Barker et al., 2009; Henrys et al., 2013). Therefore, it is unclear how
much sediment subduction and/or underplating actually vary along the length
of the Hikurangi margin (Wallace et al., 2009). Although the geochemical data
presented in this work cannot definitively rule out a sedimentary component,
as a whole they consistently indicate seawater and pore-fluid sources without
a change in the sedimentary component along the length of the margin. We
suggest that the change in the FME concentrations along the margin is not
controlled by changes in subduction parameters such as the amount of sedi-
ments subducting, but rather by fluid flux through the upper plate.

The northern Hikurangi subduction interface is dominated by steady, aseis-
mic creep at shallow depths (<15 km) and weak interseismic coupling (Wallace
et al., 2009). In contrast, the southern portion of the Hikurangi subduction in-
terface has deep slow-slip events and exhibits stick-slip behavior (Wallace and
Beavan, 2010; Wallace et al., 2009) (Fig. 1). Previous work has suggested that
the tectonic stress regime (extensional versus transpressional) in the upper
plate may influence structural permeability and fluid pressure within the upper
plate, which in turn may exert an influence on the shift in seismic behavior along
the Hikurangi margin (Fagereng and Ellis, 2009; Sibson and Rowland, 2003;
Wallace et al., 2012). In the northern and central portions of the margin (north
of ~40.5°S), the upper plate is undergoing extension, whereas, in the southern
portion (south of ~40.5°S), the upper plate is undergoing compression in the
forearc (Wallace et al., 2004). The extension in the northern and central sections
increases the structural permeability of the upper plate, allowing for fluid escape
along vertical hydrofractures and normal faults, possibly leading to relatively
lower fluid pressure in the forearc. In contrast, the transpressional regime in the
south promotes horizontal hydrofracture, decreasing the structural permeability
of the upper plate, trapping fluids and potentially increasing the fluid pressure
within the forearc (Fagereng and Ellis, 2009; Wallace et al., 2012) (Fig. 9). Seismic
tomography that imaged the Rakaia-Haast Schist terrane in the upper plate in
the south shows that it may act as an aquiclude for the subduction interface
(Eberhart-Phillips et al., 2008). Higher fluid pressures within the upper plate re-
duce the frictional strength, resulting in a deeper brittle-viscous transition and
the occurrence of stick-slip behavior to greater depths (Fagereng and Ellis, 2009).

The model described above and summarized in Figure 9 can explain the
decrease in FME concentrations in spring fluids from north to south and the
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distinct highs near the center (~39°S) of the margin. Trapping of expelled sea-
water and pore fluids in the upper plate in the south would allow the fluids
to become diluted by groundwater, decreasing the concentrations of FMEs
discharging from the springs. For example, seawater has an average chloride
concentration of 19,354 mg/L, compared to 40 mg/L in average groundwater
(Graedel and Keene, 1996) and 0.53 mg/L reported for surface meteoric waters
discharging from greywacke (Reyes et al., 2010), but the chlorine isotope com-
position of the spring fluid would still reflect the dominant seawater chloride
source. Concentrations of Na (1.2 mg/L), Sr (0.03 mg/L), Li (<0.05 mg/L), B (0.38
mg/L), and | (<0.001 mg/L) are also low in surface meteoric waters discharging
from greywacke (Reyes et al., 2010), and therefore can account for low con-
centrations of these elements in the south. In the northern part of the margin,
the seawater and pore fluids would pass through the upper plate with less
dilution by groundwater. The noted peaks in Cl, Na, and Sr concentrations at
Morere and Mahia are consistent with previous observations (Giggenbach et
al., 1995; Reyes et al., 2010). These high concentrations are not due solely to
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increased fluid-rock interaction at the thermal spring of Morere, as concentra-
tions are similar or even higher in the Mahia cold-spring fluids. Giggenbach et
al. (1995) interpreted the high R/R, value of 3.35 at Morere to reflect a greater
fluid pathway to the mantle wedge and the subducted component. Interestingly,
Mahia has a much lower R/R, value of 0.53 (Giggenbach et al., 1995); therefore,
the high FME concentrations in the fluids are not necessarily coupled to high
3He/*He ratios in gases. Although the high 3He/*He ratios clearly demonstrate
that some mantle component is present in the springs, we argue that the FME
chemistry of the springs fluids largely reflects the structure of the upper plate.

Seismic tomographic and attenuation data show that more abundant, in-
terconnected fluid is present in the northern and central portions of the upper
plate of the Hikurangi subduction zone, compared to the south (Eberhart-Phil-
lips et al., 2017, 2005, 2008). The parameter Q (the inverse of seismic attenua-
tion) can be used as a proxy for fluid content. An increase in porosity and fluid
pressure increases attenuation, and therefore decreases Q. Figure 10 shows
Qs data, where s is for shear waves, for the Hikurangi margin at a depth of 8
km from Eberhart-Phillips et al. (2017), along with the location of the springs
sampled for this study. The springs clearly correspond with regions of low
Qs (high attenuation). In addition, springs with the highest concentrations of
FMEs in the northern part of the margin are located in regions with some of
the lowest Qs values. Whether or not the low Qs values in the north represent
high fluid pressure in the upper plate (e.g., Eberhart-Phillips et al., 2017) or
are simply a consequence of well-connected fluid-filled pathways (without
significant overpressure) is currently unknown. Distinguishing between these
two possibilities has important implications for the validity of the assertion
that fluid pressure in the forearc (1) influences the depth to the brittle-viscous
transition and (2) explains the distribution of locking versus aseismic creep
at the Hikurangi margin (e.g., Fagereng and Ellis, 2009; Wallace et al., 2012).

Remarkably, more springs have been discovered and sampled in the north-
ern and central portions of the margin than in the south. This does not exclude
the presence of additional, undiscovered springs in the south, but tends to
support the conclusion of a more permeable upper plate, with larger volumes
of fluids emerging in the northern and central parts of the margin.

Implications for Volatile Flux through Subduction Zones

Most volatile and FME flux mass-balance calculations through subduction
zones focus on inputs from the subducting slab and outputs from the volcanic
front (e.g., Barnes et al., 2018; Fischer, 2008; Wallace, 2005). Volatile and FME
fluxes through the forearc, including loss via spring systems, may be substantial,
but are poorly constrained (e.g., Freundt et al., 2014; Shinohara, 2013; Taran,
2009; Volker et al., 2014), thereby making cycling estimates through subduc-
tion zones subject to large error. Pore fluid trapped in subducting sediments
is estimated to represent 42% of the total water input into subduction zones
(Jarrard, 2003). However, it is typically assumed that the majority of sedimen-
tary pore fluids is expelled at shallow levels (<15 km) during subduction due
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to compaction (e.g., Jarrard, 2003; Kastner et al., 1991; Saffer and Tobin, 2011);
therefore, contributions from pore fluids are ignored in mass-balance calcula-
tions through subduction zones. Our data suggest that chlorine and boron fluxed
through the shallow portion of the forearc (<~15 km depth) are largely sourced
from seawater and pore fluids, rather than from dehydration reactions within
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the subducting slab, supporting this assumption. However, without additional
constraints, we cannot conclude that no pore fluids make it past these shallow
depths. Previous work based on the thickness of subducting and accreting
sediment, initial and final porosity in accreted and subducted sediment, and
clay content in sediment estimate that between ~20 and ~40 m? of fluid is dis-
charged per meter length along the Hikurangi (or northern Hikurangi) margin
per year, with the majority of this fluid derived from pore fluids via compaction
(Ellis et al., 2015; Pecher et al., 2010; Townend, 1997). In order to calculate the
percentage of pore fluid lost by 15 km depth, constraints on the actual fluid flux
through onshore and offshore forearc springs, not just the predicted flux, must
be known. To our knowledge, there are no integrated flux estimates based on
measured fluid flow rates through the springs. However, first-order estimates
can be made using the reported flow of ~3-9 L/s at the thermal springs (e.g.,
Pohatu et al., 2010). If we assume 0.5 L/s per spring, 250 onshore and offshore
springs, and 800 km of margin, then ~56 m?® of fluid is discharged per meter
length per year along the Hikurangi margin. We acknowledge a large error on
this estimate, but to a first order it is the same as the estimated pore-fluid release
due to compaction, suggesting that most pore fluids are recycled through the
shallow portion of the subduction zone. Future work monitoring fluid discharge
through forearc springs is needed to better quantify the extent of elemental
recycling through the shallow portion of the subduction zone.

In addition, integrated geochemical data sets of across forearc profiles
from multiple subduction zones are needed to fully quantify volatile and FME
loss, as well as their source, between the trench and the arc front. For example,
boron concentrations consistently decrease from the forearc to the backarc
across the Cascadia, lzu (offshore Japan), Kamchatka (northwest Pacific), and
Kurile (northwest Pacific) subduction zones (Ishikawa and Nakamura, 1994;
Ishikawa and Tera, 1997; Konrad-Schmolke et al., 2016; Leeman et al., 2004;
Straub and Layne, 2002), with most of the boron estimated to be derived from
the subducting slab (Straub and Layne, 2002). Savov et al. (2005) calculated
that 79% of B is lost by 40 km depth, compared to 18% of Li, and Ishikawa
and Tera (1997) suggested that up to 97% of B is lost in the forearc. A more
complete understanding of the contribution of pore fluids versus slab-derived
fluids across the entire forearc is needed to evaluate global geochemical cycles.

B SUMMARY AND CONCLUSIONS

Spring fluids from the Hikurangi forearc show a decrease in Cl, Li, Sr, and
Na concentrations from north to south along the margin. These changes in
concentration raise the possibility that a shift in subduction parameters along
strike may control the chemistry of the springs. Additionally, the change in
seismic behavior along the margin from shallow aseismic creep in the north to
stick slip in the south may be caused by a change in the fluid source from the
dehydrating slab. However, new stable isotope data (Cl, Li, B) presented here
demonstrate that there is no systematic change in fluid source along the margin.
Most data can be explained by shallowly recycled seawater or sedimentary pore

fluids, with some local modification by interaction with sediments. The data
are consistent with a model of extension in the northern portion of the forearc
allowing for escape of the fluids along normal faults and vertical hydrofractures,
and trapping of fluids in the transpressional upper plate in the south resulting
in dilution. In turn, the ability of the upper plate to trap fluids (or not) may in-
fluence fluid pressures in the upper plate, which could influence the depth to
the brittle-viscous transition and the occurrence of aseismic creep versus stick-
slip behavior (e.g., Fagereng and Ellis, 2009; Wallace et al., 2012). This work
highlights the important role the upper plate plays in the development fluid
pathways and geochemistry of spring fluids, and the potential influence of fluid
pressure state within the upper plate on subduction-interface slip behavior. In
addition, we confirm the previous assumption that seawater and sedimentary
pore fluids are shallowly (<15 km) expelled during subduction. Future work is
needed on across-forearc profiles in order to evaluate the shift in slab-derived
fluid sources from shallow seawater and/or pore-fluid release to dehydration
of mineral phases, as well as quantifying the FME output from the forearc and
its contribution to global-scale elemental cycling.
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