ya

.
s LonLuamos

LA-UR-17-27500 (Accepted Manuscript)

Rare earth element behavior during groundwater—seawater mixing along
the Kona Coast of Hawaii

Telfeyan, Katherine Christina

Provided by the author(s) and the Los Alamos National Laboratory (2018-01-03).
To be published in: Geochimica et Cosmochimica Acta
DOI to publisher's version: 10.1016/j.gca.2016.11.009

Permalink to record: http:/permalink.lanl.gov/object/view?what=info:lanl-repo/lareport/LA-UR-17-27500

Disclaimer:
Approved for public release. Los Alamos National Laboratory, an affirmative action/equal opportunity employer, is operated by the Los Alamos
National Security, LLC for the National Nuclear Security Administration of the U.S. Department of Energy under contract DE-AC52-06NA25396.
Los Alamos National Laboratory strongly supports academic freedom and a researcher's right to publish; as an institution, however, the
Laboratory does not endorse the viewpoint of a publication or guarantee its technical correctness.

eFIESEAFlCH LIBRARY



Accepted Manuscript

Geochimica et
Cosmochimica Acta
R O ST G,
B R e

Rare earth element behavior during groundwater — seawater mixing along the
Kona Coast of Hawaii

Karen H. Johannesson, C. Dianne Palmore, Joseph Fackrell, Nancy G. Prouty,
Peter W. Swarzenski, Darren A. Chevis, Katherine Telfeyan, Christopher D.
White, David J. Burdige

PIL: S0016-7037(16)30646-9

DOL: http://dx.doi.org/10.1016/j.gca.2016.11.009
Reference: GCA 10012

To appear in: Geochimica et Cosmochimica Acta
Received Date: 3 May 2016

Revised Date: 13 September 2016

Accepted Date: 4 November 2016

Please cite this article as: Johannesson, K.H., Dianne Palmore, C., Fackrell, J., Prouty, N.G., Swarzenski, P.W.,
Chevis, D.A., Telfeyan, K., White, C.D., Burdige, D.J., Rare earth element behavior during groundwater — seawater
mixing along the Kona Coast of Hawaii, Geochimica et Cosmochimica Acta (2016), doi: http://dx.doi.org/10.1016/
j-gca.2016.11.009

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and
review of the resulting proof before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.gca.2016.11.009
http://dx.doi.org/10.1016/j.gca.2016.11.009
http://dx.doi.org/10.1016/j.gca.2016.11.009

10

11

12

13

14

15

16

17

18

19

20

21

22

23

Rare earth element behavior during groundwater — seawater mixing

along the Kona Coast of Hawaii

Karen H. Johannesson™*, C. Dianne Palmore®, Joseph Fackrell’, Nancy G. Prouty®, Peter
W. Swarzenski®?, Darren A. Chevis®, Katherine Telfeyan™, Christopher D. White®, and

David J. Burdigef

"Department of Earth and Environmental Sciences, Tulane University, New Orleans, LA
70118

Department of Geology and Geophysics, University of Hawaii at Manoa, Honolulu, HI
96822

‘United States Geological Survey, Pacific. Coastal and Marine Science Center, Santa
Cruz, CA 95060

‘International Atomic Energy Agency, 98000 Monaco

‘Earth and Environmental Sciences Division, Los Alamos National Laboratory, Los
Alamos, NM 87545

fDepaurtment of Ocean, Earth, and Atmospheric Sciences, Old Dominion University,

Norfolk, VA 23529

*Corresponding author (kjohanne @tulane.edu)



24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

Abstract

Groundwater and seawater samples were collected from nearshore wells and
offshore along the Kona Coast of the Big Island of Hawaii to investigate rare earth
element (REE) behavior in local subterranean estuaries. Previous investigations showed
that submarine groundwater discharge (SGD) is the predominant flux of terrestrial waters
to the coastal ocean along the arid Kona Coast of Hawaii. Groundwater and seawater
samples were filtered through 0.45 um and 0.02 pm pore-size filters to evaluate the
importance of colloidal and soluble (i.e., truly dissolved ionic species and/or low
molecular weight [LMW] colloids) fractions of the REEs in the local subterranean
estuaries. Mixing experiments using groundwater collected immediately down gradient
from a wastewater treatment facility (WWTEF) proximal to the Kaloko-Hanokohau
National Historic Park, and more “pristine” groundwater from a well constructed in a
lava tube at Kiholo Bay, were mixed with local seawater to study the effect of solution
composition (i.e., pH, salinity) on the concentrations and fractionation behavior of the
REEs as groundwater mixes with seawater in Kona Coast subterranean estuaries. The
mixed waters were also filtered through 0.45 or 0.02 pm filters to ascertain the behavior
of colloidal and soluble fractions of the REEs across the salinity gradient in each mixing
experiment. Concentrations of the REEs were statistically identical (two-tailed Student #-
test, 95% confidence) between the sequentially filtered sample aliquots, indicating that
the REEs occur as dissolved ionic species and/or LMW colloids in Kona Coast
groundwaters. The mixing experiments revealed that the REEs are released to solution
from suspended particles or colloids when Kona Coast groundwater waters mix with

local seawater. The order of release that accompanies increasing pH and salinity follows
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light REE (LREE) > middle REE (MREE) > heavy REE (HREE). Release of REEs in the
mixing experiments is driven by decreases in the free metal ion activity in solution and
the concomitant increase in the amount of each REE that occurs in solution as
dicarbonato complexes [i.e., Ln(CO3),] as pH increases across the salinity gradient.
Input-normalized REE patterns of Kona Coast groundwater and coastal seawater are
nearly identical and relatively flat compared to North Pacific seawater, indicating that
SGD is the chief source of these trace elements to the ocean along the Kona Coast.
Additionally, REE concentrations of the coastal seawater are between 10 and 50 times
higher than previously reported open-ocean seawater. values from the North Pacific,
further demonstrating the importance of SGD fluxes of REEs to these coastal waters.
Taken together, these observations indicate that large-scale removal of REEs, which
characterizes the behavior of REEs in the low salinity reaches of many surface estuaries,
is not a feature of the subterranean estuary along the Kona Coast. A large positive
gadolinium (Gd) anomaly characterizes groundwater from the vicinity of the WWTF.
The positive Gd anomaly can be traced to the coastal ocean, providing further evidence
of the impact of SGD on the coastal waters. Estimates of the SGD fluxes of the REEs to
the coastal ocean along the Kona Coast (i.e., 1.3 — 2.6 mmol Nd day'l) are similar to
recent estimates of SGD fluxes of REEs along Florida’s east coast and to Rhode Island
Sound, all of which points to the importance of SGD as significant flux of REEs to the

coastal ocean.
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1. Introduction

Submarine groundwater discharge (SGD) is increasingly recognized as an
important flux of water, nutrients, and metals to the coastal ocean (Moore, 2010).
Although the volume of fresh SGD to the ocean is commonly small compared to river
discharge, geochemical reactions in subterranean estuaries (e.g., Moore, 1999) can
generate substantial fluxes of nutrients, carbon, and metals to the coastal ‘ocean (Moore,
1997; Cai et al., 2003; Charette and Buesseler, 2004; Slomp and van Cappellen, 2004;
Charette et al., 2005; Kim et al., 2005; Windom et al., 2006; Roy et al., 2010, 2011;
Johannesson et al., 2011; Chevis et al., 2015a, b). Submarine groundwater discharge
includes all flow of water from the seafloor into the overlying marine water column
within continental margin regions, regardless of chemical composition and physical
driving force (Church, 1996; Burnett et al., 2003; Moore, 2010). Thus, SGD includes
“fresh submarine groundwater discharge” that originates from meteoric recharge of
terrestrial aquifers, as well ‘as “recirculated saline submarine groundwater discharge”,
which includes water that cycles through coastal aquifers caused by wave set-up, tidal
pumping, geothermal or density gradients, and/or bioirrigation (Taniguchi et al., 2002).
These components of SGD are commonly referred to as “terrestrial SGD” and “marine
SGD”, respectively, and their sum represents the total SGD (Martin et al., 2007; Roy et
al., 2010).

The rare earth elements (REEs, also known as lanthanides) have been utilized to
study the petrogenesis of magmatic rocks and for tracing the circulation and mixing of
oceanic water masses (Jake§ and Gill, 1970; Hanson, 1980; Piepgras and Wasserburg,

1987; McKenzie and O’Nions, 1991). The effectiveness of the REEs as tracers of
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geochemical reactions and processes chiefly reflects their uniform trivalent charge (Ce**
and Bu®* can also occur), and the gradual decrease in their ionic radii with increasing
atomic number (i.e., the lanthanide contraction) that accompanies the progressive filling
of the 4f-electron shell across the REE series. Consequently, the REEs exhibit strong
fractionation as a group due to size and charge, as well as important “within-group”
fractionation that result from the lanthanide contraction (see Johannesson et al. 2005,
2014; and references therein). These distinctive features of the REEs can accordingly
provide insight into complex and subtle geochemical processes that other, single element
tracers cannot readily discriminate (Quinn et al. 2004; Johannesson et al. 2005, 2014).
Investigations of the REEs in surface water estuaries reveal substantial removal of
dissolved REEs (i.e., filtrates that passed through 0.45 um or 0.22 um pore size filters;
Sholkovitz, 1992) where river waters® first mix with seawater (Martin et al., 1976;
Goldstein and Jacobsen, 1988a; Elderfield et al., 1990; Sholkovitz, 1993, 1995;
Sholkovitz and Szymczak, 2000). Removal of REEs in the low salinity reaches of
estuaries reflects salt-induced coagulation and flocculation of Fe-rich, organic colloids,
which scavenge ‘and fractionate the REEs such that the order of removal is light REE
(LREE) > middle REE (MREE) > heavy REEs (HREE; Sholkovitz, 1995). At higher
salinities the REEs are released back to solution owing to diagenetic reactions within
estuarine sediments and/or displacement from surface sites on suspended particles by
more abundant competing cations (Sholkovitz, 1995; Sholkovitz and Szymczak, 2000).
Here, the order of release also follows LREE > MREE > HREE. Consequently, the
characteristic HREE enriched, shale-normalized REE fractionation pattern that

characterizes seawater (which originates in part during chemical weathering of
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continental rocks) is further modified by the competitive effects of aqueous and surface
complexation reactions acting on REEs during their transport to the ocean in rivers and
estuaries (i.e., Nesbitt, 1979; Hoyle et al,, 1984; Goldstein and Jacobsen, 1988b;
Elderfield et al., 1990; Sholkovitz, 1995; Byrne and Liu, 1998).

Despite numerous investigations of surface water estuaries, much less-is known
about the processes that control REE concentrations and fractionation in subterranean
estuaries, as well as the importance of SGD fluxes of REEs are for the ocean on a global
basis (Duncan and Shaw, 2003; Johannesson and Burdige, 2007; Johannesson et al.,
2011; Kim and Kim, 2011; Chevis et al., 2015a, b). Interest in SGD fluxes of REEs to the
ocean also stems in part from the possibility that SGD could be an important component
of the “missing Nd flux” that would balance the global Nd budget and address the “Nd
paradox” (Goldstein and Hemming, 2003; Johannesson and Burdige, 2007). The “Nd
paradox” refers to the apparent decoupling of dissolved Nd concentrations, whereby Nd
concentrations exhibit nutrient-like profiles in the ocean (indicating vertical cycling and,
hence, long residence times, ~10* years), and Nd isotope ratios that exhibit inter- and
intra-oceanic variations that preclude vertical cycling and support Nd residence times that
are similar to or less than the oceanic mixing time (~500 — 1500 years; Bertram and
Elderfield, 1993; Jeandel et al., 1995, 1998; Tachikawa et al., 1997, 1999a, b, 2003;
Lacan and Jeandel, 2001; Goldstein and Hemming, 2003; Siddall et al., 2008; Arzouze et
al., 2009). Current estimates of riverine and atmospheric fluxes appear to be roughly an
order of magnitude too low to balance the global ocean Nd budget and preserve the inter-
and intra-oceanic Nd isotope ratios. The source of the missing Nd flux is thought to

reflect “boundary exchange”, which is a broadly defined process that involves exchange
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of Nd between the continental shelf and the ocean (Lacan and Jeandel, 2005; Jeandel et
al.,, 2013), and likely includes SGD (Johannesson and Burdige, 2007; Chevis et al.,
2015a, b). Indeed, recent studies demonstrate that SGD associated with small volcanic
islands, including the Hawaiian Islands, have a measureable impact on the REE
concentrations and Nd isotope signatures of coastal waters as well as surface ‘waters in
the open ocean (Kim and Kim, 2011, 2014; Frollje et al., 2016).

In this contribution we expand on our investigations of REE cycling in
subterranean aquifers by presenting REE concentration data for groundwaters and
seawater from the arid, Kona Coast of Hawaii where previous investigations have
demonstrated the existence of large, nutrient-rich plumes of groundwater, and extensive
diffuse seeps of SGD to the coastal ocean (e.g., Johnson et al., 2008; Street et al., 2008;
Knee et al., 2010). We employ a modification of the product approach for mixing
experiments pioneered by Sholkovitz (1976) to study processes that control REE
concentrations and fractionation across the salinity gradient of Kona Coast subterranean

estuaries.

2. Setting

The study site is located on the arid western coast of the island of Hawaii (Fig. 1),
where the overwhelming majority of meteoric water that falls in the region is discharged
to the adjacent coastal ocean via SGD (Oki et al., 1999; Duarte et al., 2006; Johnson et
al., 2008; Tillman et al., 2014a; Prouty et al., 2016). Precipitation within the immediate
study region (e.g., Kaloko — Honokohau National Historic Park) ranges from 500 — 760

mm a”', whereas annual pan evaporation exceeds 1700 mm (Ekern and Chang, 1985; Oki
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et al., 1999). Consequently, little recharge, if any, of the local aquifers occurs within the
study site. Instead, groundwater recharge is thought to occur further inland to the east at
elevations 300-600 m above sea level, where the precipitation exceeds 1500 mm a™ (Oki
et al.,, 1999; see also Fig. EAl in the electronic annex). Groundwater from the study
region is unconfined and generally brackish with salinity increasing with depth (Oki et
al., 1999). Fresh (i.e., potable) groundwater exists further inland as thin lenses on top of
the brackish layer as well as inland at higher elevations where groundwaters are
impounded at higher head levels by low permeability structures thought to consist of
buried, igneous dike complexes (Zucca et al., 1982; Oki et al., 1999; Tillman et al.,
2014a, b).

The local geology is characterized by extensive basaltic lava flows that are highly
permeable to groundwater flow caused to widespread brecciation of lava flow tops (e.g.,
‘A‘a lava), cooling fractures, clinker zones, and the presence of lava tubes (Oki et al.,
1999; Lau and Mink, 2006). The basaltic rocks exposed at the surface of the study site are
alkalic (i.e., chiefly alkali olivine basalt) and were erupted from Hualalai Volcano during
the Holocene and late Pleistocene (e.g., Clague and Dalrymple, 1987; Moore et al., 1987;
Moore and Clague, 1987; Hanano et al, 2010). Minor amounts of hawaiites are
associated with these surficial alkali olivine basalts flows, whereas trachyte erupted from
the Puu Waawaa cone (Clague et al., 1980; Moore et al., 1987; Clague and Bohrson,
1991; Hanano et al., 2010; Fig. 1). Although not exposed at the surface, the bulk of
Hulalai Volcano is thought to be composed of tholeiites erupted during the main shield

volcano building stage that is hypothesized to account for the formation of the Hawaiian
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Islands (Clague and Dalrymple, 1987; Moore and Clague, 1987, 1992; Moore et al.,
1987).

Previous studies demonstrated that a substantial amount of groundwater
discharges to the coastal ocean along the Kona Coast (Adams and Lepley, 1968;
Bienfeng, 1980; Oki et al., 1999; Duarte et al., 2006; Peterson et al., 2007; Johnson et al.,
2008; Knee et al., 2010). We focus here on SGD in the vicinity of the Honokohau small
boat harbor (hereafter, Honokohau Harbor), a portion of the Kaloko-Hanokohau (i.e.,
KAHO) National Historic Park located immediately to the north, as well as at Kiholo
Bay, roughly 23 km north of Honokohau Harbor (Fig. 1). Honokohau Harbor was
constructed by excavating a >5 m deep channel and basin within the local bedrock during
the 1970s (Bienfang, 1980). In the process, the excavation intercepted a lava tube that
supplies the bulk of the terrestrial SGD to the harbor and adjacent coastal ocean (Johnson
et al., 2008).

Recent mass balance models using 222Rn inventories, salinity, and water fluxes
suggest that total SGD from Honokohau Harbor to the coastal ocean is on the order of
12,000 m’ day™,“of which approximately 72% (i.e., 8600 m® day) is terrestrial sourced
SGD, and the remaining 3400 m’ day' (28%) represents re-circulated marine SGD
(Johnson et al., 2008; Peterson et al., 2009). Based on an approximate width of 65 m for
the harbor mouth, these values imply along shore SGD fluxes of 182 m’ day™ per meter
of shoreline (128 L m™ min™) for total SGD, and 132 m’ day” per meter of shoreline (92
L m" min") for terrestrial SGD. Other studies have reported higher SGD fluxes, with
estimates for fresh and brackish SGD between 274 and 1872 m’ day’' per meter of

shoreline (190 and 1300 L m™ min™'; Knee et al., 2010; Gallagher, 1980).
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3. Methods
3.1. Sample collection

All sampling and laboratory plasticware (HDPE, Teflon®), including filters, were
cleaned prior to use by following standard trace element cleaning procedures (e.g.,
Johannesson et al., 2004; Fitzsimmons and Boyle, 2012, 2014). Groundwater samples
were collected from wells in the vicinity of Honokohau Harbor, the Kaloko-Honokohau
National Historic Park (i.e., KAHO wells), and from the Hind “well’” located near Kiholo
Bay (Fig. 1). The Hind “well” is essentially a fracture in the surface basalt flow that
exposes an underlying, partially saturated lava tube. The Honokohau Harbor well is
located down hydrologic gradient from the Kealakehe waterwater treatment facility
(WWTF), which is thought to cause the high influx of nutrients to the harbor (Oki et al.,
1999; Johnson et al., 2008; Prouty et al., 2016). Indeed, between 4900 and 6400 m’ of
effluent from the WWTF is discharged per day into an excavated pit located roughly 1
km up gradient from Honokohau Harbor (Parsons et al., 2008). Consequently,
groundwater from the Honokohau Harbor well was chosen for study because it has been
impacted by anthropogenic-sourced nutrients. In contrast, the Hind “well” was sampled
because it is located far from direct anthropogenic sources within a region of the Kona
coast that is not highly developed. The KAHO wells sample groundwater from north of
Honokohau Harbor, where Johnson et al. (2008) identified large, point source fluxes of
SGD to the coastal ocean. Finally, we collected seawater from directly offshore, ~0.62
km from the mouth of Honokohau Harbor for REE analysis and for the mixing

experiments described below (Fig. 1).
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Groundwater was collected from each well using a Fultz pump (Fultz Pumps,
Inc., Lewiston, PA) connected to the surface with LDPE tubing. To be sure that water
samples collected from the wells were representative of groundwaters within the
aquifers/subterranean estuaries and not the well bore, water temperature, specific
conductance, and pH were continuously monitored during well purging, and water
sample collection did not begin until all three parameters had stabilized, which was
typically equivalent to three well volumes (Prouty et al, 2016). Groundwater and
seawater samples were collected into large volume (i.e., 10 L and 40 L, respectively),
pre-cleaned HDPE carboys, and subsequently transported back to the field laboratory for
processing, mixing experiments, and preservation prior to analysis.

At the laboratory, aliquots of groundwaters from each well, as well as the coastal
seawater sample, were sequentially filtered first through 0.45 pm high-capacity (Gelman
Sciences, polyether sulfone membrane, Pall Corporation, Port Washington, NY) filter
capsules and then through 0.02 um pore-size filters (Whatman, Anotop alumina) syringe
filters (e.g., Shiller, 2003; Fitzsimmons and Boyle, 2012, 2014), and collected into pre-
cleaned HDPE sample bottles. These samples were then acidified to pH < 2 with
ultrapure nitric acid (Optima Grade, Thermo Fisher), double bagged in pre-cleaned, Zip-
lock®-style, polyethylene bags, and stored cold at ~ 4°C in plastic chests until analysis for
the REEs. The sequential filtering approach was chosen to separate the dissolved pool of
the REEs (i.e., 0.45 um passing filtrate) into a colloidal fraction (passed through 0.45 pum
filter but not through 0.02 pm filter) from the soluble fraction (0.02 pm passing filtrate;
Prouty et al., 2016). The soluble fraction therefore consists of ionic species and low

molecular weight (LMW) colloids (Fitzsimmons and Boyle, 2014).
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3.2. Subterranean estuary mixing experiments

Groundwater—seawater mixing experiments were conducted on unfiltered and
unacidified water samples on the same day the water samples were collected. Using the
seawater sample (i.e., 40 L) collected offshore near the mouth of Honokohau Harbor, two
distinct groundwater—seawater mixing experiments were performed, one using
groundwater from the Honokohau Harbor well, and the other using groundwater from the
more “pristine” Hind well (i.e., Lava tube mixing experiment). Although the coastal
seawater sample is appropriate for the Honokohau Harbor mixing experiment, it may not
be representative of coastal seawater from Kiholo Bay, and hence, for the Lava tube
mixing experiment. For each mixing experiment aliquots of groundwater from the
Honokohau Harbor well or the Hind well were mixed in various proportions with the
seawater sample to achieve a series of samples with salinities ranging from < 2 to ~ 36.7;
we refer to this mixing path as endpoint mixing (e.g., Hoyle et al., 1984; Garnier and
Guieu, 2003; Schneider et al., 2016). We recognize that serial dilution is an alternative
model that could also simulate mixing processes in subterranean estuaries. Both
approaches can only approximate the actual mixing path in these settings.

After equilibrating the mixtures for 2 hours (Prouty et al., 2016), aliquots of the
mixed water samples were sequentially filtered through 0.45 um and then 0.02 pm pore-
size filters as described above, and subsequently acidified to pH < 2 with ultrapure nitric
acid (Optima Grade, Thermo Fisher). The total time between sample collection and
acidification was on the order of 3 hours for the 0.45 pum filtered aliquots, and 4 hours for

the 0.02 pum filtered aliquots. The mixing and sample processing times were chosen to
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minimize REE adsorption onto the bottle walls (Fitzsimmons and Boyle, 2012, 2014).
The acidified aliquots were then double bagged in pre-cleaned, Zip-lock®-style,

polyethylene bags, and stored cold at ~ 4°C in plastic chests until analysis for REEs.

3.3 Chemical analysis

Major cation and anion concentrations in the groundwaters, the coastal seawater
sample, and each mixed water sample from both mixing experiments were determined
using high-resolution (magnetic sector) inductively coupled plasma mass spectrometry
(HR-ICP-MS Themo Fisher Element 2; Tulane University) and ion chromatography
(U.S. Geological Survey, Menlo Park, CA), respectively. Nutrients were analyzed at the
Woods Hole Oceanographic Institution by flow injection analysis as described in Prouty
et al. (2016). Dissolved organic carbon (DOC) concentrations were quantified by high
temperature combustion using a Shimadzu TOC-500 total carbon analyzer as described
previously (Burdige and Gardner, 1998). Dissolved Fe and Mn concentrations were
measured by HR-ICP-MS following methods described by Roy et al. (2010) and
Mohajerin et al. (2016).

Groundwater, seawater, and composite waters from the mixing experiments were
analyzed for the REEs using similar methods to those described previously (Johannesson
et al., 2005, 2011; Willis and Johannesson, 2011; Chevis et al., 2015a, b). Briefly, 30 mL
aliquots of the filtered (both 0.45 and 0.02 pum pore-size filters) and acidified samples,
0.45 um filtered and acidified laboratory and field blanks, and the National Research
Council Canada (Ottawa, Ontario, Canada) Standard Reference Material (SRM) for

estuarine waters (SLEW-3) were first loaded onto Poly-Prep columns (Bio-Rad

13
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Laboratories) packed with AG 50W-X8 (100 — 200 mesh, hydrogen form, Bio-Rad
Laboratories) cation-exchange resin at approximately 1 mL minute” to separate REEs
from the major salts (e.g., Elderfield and Greaves, 1983; Greaves et al., 1989;
Klinkhammer et al., 1994; Johannesson et al., 2005, 2011). Iron and Ba were then
quantitatively eluted from each column using 1.75 M ultra-pure HCI (Optima Grade,
Thermo Fisher) and 2 M ultra-pure HNO;3 (Optima Grade, Thermo Fisher), respectively
(Greaves et al., 1989). The REEs were subsequently eluted from the columns using 8 M
ultra-pure HNO; (Optima Grade, Thermo Fisher) and collected in Teflon® beakers. The
eluent was then taken to dryness on a hot plate, and the residue redissolved in 10 mL of a
1% v/v ultra-pure HNOj3 solution. All sample processing was conducted in an ISO 5 rated
clean room or ISO 5 rated laminar flow bench (i.e., class 100).

Each 10 mL sample was then spiked with '"’In as an internal standard and
analyzed for the REEs by HR-ICP-MS (Thermo Fisher Element 2) at Tulane University.
We examined '*La, "°Ce, “'Pr. "Nd, "“Nd, "*Nd, "’Sm, "“Sm, "'Eu, '**Eu, '¥Gd,
I57Gd, '8Gd, 'Tb, '!Dy, Dy, 'Ho, 'Er, 'Er, '“Tm, "">Yb, '™Yb, and "*Lu (low-
and medium-resolution mode) because most of these isotopes are free of isobaric
interferences (Shannon and Wood, 2005; Johannesson et al., 2005; 2011). Furthermore,
monitoring more than one isotope of a given element provides an additional check for
potential interferences. Europium isotopes (>'Eu and *’Eu) as well as the heavy REEs
(HREE) were also monitored in high-resolution mode, which allowed us to resolve
interferences on ">'Eu and '*’Eu from BaO" species formed in the plasma stream, and
LREEO" and MREEO" species on the HREEs. The HR-ICP-MS was calibrated and the

concentrations of REEs in the samples verified using a series of REE -calibration
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standards of known concentrations (1 ng kg™, 2 ng kg™, 5 ng kg, 10 ng kg, 100 ng kg’
' 500 ng kg, and 1000 ng kg™). The calibration standards were prepared from NIST
traceable High Purity Standards (Charleston, SC). In addition, check standards for the
REEs were prepared using Perkin Elmer multi-element solutions. The detection limit for
then REEs ranged between 0.5 and 6 pmol kg™, whereas the field blank exhibited REE
concentrations between 1.4 pmol kg for Lu and 35 pmol kg for Ce (Table EAl).
Analytical precision of the REE analyses was always better than 4% relative standard
deviation (RSD), and generally better than 2% RSD, whereas accuracy of the analyses for
SLEW-3 were typically within + 5% of the values reported by Lawrence and Kamber

(2006).

3.3 Geochemical modeling

Solution complexation modeling of the REEs in Kona groundwaters, coastal
seawater, and the water samples from the mixing experiments was achieved using the
SpecE8 and React programs of the Geochemist’s Workbench® (release 9.0; Bethke,
2008; Bethke and Yeakel, 2013). The Lawrence Livermore National Laboratory database
(Delaney and Lundeen, 1989) provided with the software (i.e., thermo.dat) was
modified by addition of the 14 naturally occurring REEs and their corresponding
inorganic, aqueous complexes with carbonate, phosphate, hydroxyl, sulfate, chloride, and
fluoride ions. Specifically, infinite dilution stability constants for the LnHCOs>*, LnCO;",
and Ln(COs),” complexes, where Ln is any of the 14 naturally occurring REEs (i.e.,
lanthanides), that were added to the database are from Luo and Byrne (2004), those for

LnPO," and Ln(PO4)23 “are from Byrne et al. (1991) and Lee and Byrne (1992), those for
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LnOH" are from Klungness and Byrne (2000), those for LnSO,4" are from Schijf and
Byrne (2004), those for LnCI** are from Luo and Byrne (2001), and those describing the
formation of LnF** complexes are from Luo and Byrne (2000). In addition, because a
number of studies have demonstrated that REE phosphate co-precipitate phases limit the
solubility of REEs in natural waters (Jonasson et al., 1985; Byrne and Kim, 1993;
Johannesson et al., 1995), we included the solubility product constants for LnPOy,
phases estimated by Liu and Byrne (1997) in the thermo.dat database to account for
solubility limitations on the REEs in the geochemical modeling.

The partitioning of the REEs between suspended particles or colloids and the
dissolved phase in natural waters can be characterized as a competition between sorption
reactions and the formation of aqueous complexes (Byrne and Kim, 1990; Erel and
Morgan, 1991; Erel and Stolper, 1993; Quinn et al., 2004). Because we did not measure
or characterize the REE content or surface chemistry of suspended particles or colloids
from Kona Coast groundwaters, a quantitative evaluation of sorption reactions involving
the REEs is currently not possible. Nevertheless, a partitioning model that allows for the
evaluation of the relative solution and surface complexation behavior of the REEs in the
Kona Coast groundwaters can be formulated using methods described previously (e.g.,
see Balistrieri et al., 1981; Clegg and Sarmiento, 1989; Byrne and Kim, 1990; Dzombak
and Morel, 1990; Erel and Morgan, 1991). The partitioning model, which is described in
detail in the electronic annex, computes the distribution of each REE between the
aqueous solution and surface sites on suspended particles or colloids as a function of the
composition of the aqueous solution. Furthermore, by normalizing the computed

distribution coefficients to the same REE, the necessity of knowing the concentration of
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the adsorption sites on the suspended particles or colloids is eliminated (Byrne and Kim,
1990; Erel and Morgan, 1991; Erel and Stolper, 1993). Following Byrne and Kim (1990),
we chose to normalize the distribution coefficients to Gd, which is located in the middle
of the REE series, such that the relative distribution coefficient for each REE is

represented by

Dryw/Dga = ([Ln]T,ads/[Ln]T,soln)/([Gd]T,ads/[Gd]T,soln) (1)

where [Ln]rags and [Gd]r.gs are the total concentrations of any given REE and Gd
adsorbed on particles and/or colloids, respectively, and [Ln]rsm and [Gd]r s are the
corresponding total concentrations in solution. It is critical to point out, however, that
distribution coefficients computed in this fashion are independent of the measured REE
concentrations, and instead are only a function of the ionic strength corrected equilibrium
constants that describe the formation of the various REE solution complexes with
different ligands, and the corresponding free ligand concentrations in solution (see
equations EAl1 — EAS). Therefore, the anomalously high Gd concentrations that
characterize groundwaters from the Honokohau Harbor well and the associated mixing
experiment (see below) do not affect the calculation of the distribution coefficients.

To determine the solution complexation term (equations EA1-EA4), the formation
of bicarbonate, carbonato, dicarbonato, hydroxide, chloride, sulfate, phosphate, and
diphosphato complexes of the REEs were considered (see HH_Speciation.xlsx and
LT_Speciation.xlsx in electronic annex). Free ligand concentrations were computed for
each sample from both mixing experiments using the SPECE8 program of the

Geochemist’s Workbench® (release 9.0; Bethke, 2008; Bethke and Yeakel, 2013).
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Infinite dilution stability constants were then corrected to the appropriate ionic strength
(Tables Al, A2) using the approach of Millero and Schreiber (1982) as discussed in

Schijf and Byrne (2004) where, for example,

Yin3+Yco2-
log 5", = log (5280 + log<$> )

Yinco?
in which ngﬁf is the stability constant describing the formation of the carbonato

complex at I = 0 mol kg'l, and v; are the activity coefficients for each species at the given

ionic strength of the water sample.

4. Results
4.1. Geochemistry of Kona groundwaters

The major solute compositions of the Kona groundwaters are presented in Table 2
along with nutrient concentrations and other ancillary geochemical parameters. The
groundwater are chiefly Na-HCOs type waters, although groundwater from the KAHO 2
well is a Na-Cl water with major ion ratios similar to coastal seawater (Fig. 2). The Kona
groundwaters are brackish as demonstrated by their measured salinities and electrical
conductivities, as well as their computed ionic strengths (Table 2). Groundwater pH
ranges between 6.76 and 7.7 and Eh (computed based on the high dissolved oxygen
concentrations) ranges from 0.763 to 0.817 volts. Groundwater from the Honokohau
Harbor well exhibits elevated nutrient (i.e., NOs + NO,, POy; Prouty et al., 2016) and
DOC concentrations compared to the other well waters sampled, again reflecting its
proximity to the Kealakehe WWTF (Table 2, Fig. 1). The Kona groundwaters also have
relatively high dissolved silica concentrations (311 to 432 pumol kg'l; Table 2), which

likely reflect chemical weathering of basaltic glass within the aquifer rocks (e.g., Visher
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and Mink, 1964; Lau and Mink, 2006). High dissolved silica concentrations have been
reported for other groundwaters from basalt aquifers (e.g., Stefansson and Gislason,
2001).

Dissolved Fe, Mn, and DOC concentrations (i.e., passed through 0.45 pm filters)
of groundwaters from Kona Coast subterranean estuaries are substantially lower than
observed in our previous studies of subterranean estuaries beneath the Indian River
Lagoon in Florida and the Pettaquamscutt River estuary in Rhode Island (Roy et al.,
2010; Johannesson et al., 2011; Chevis et al., 2015a, b). Iron, Mn, and DOC
concentrations in the Kona Coast groundwaters range between 11 and 63 nmol kg™, 0.6
and 12 nmol kg™, and 36 and 236 pmol kg™, respectively (Table 2). By comparison, Fe,
Mn, and DOC concentrations in groundwaters from the Indian River Lagoon
subterranean estuary range from 0.009 to 286 pmol kg™, 0.06 to 2.9 pmol kg™, and ~80
to more than 800 pmol kg™, respectively (Roy et al., 2010; Chevis et al., 2015b), whereas
Fe and DOC range between 1 and 6.5 mmol kg', and 380 and 7300 pmol kg,
respectively, in groundwaters from the Pettaquamscutt River estuary (Chevis et al.,
2015a). Furthermore, the concentrations of Fe, Mn, and DOC in the subterranean estuary
beneath the Kona Coast are also generally lower than the concentrations of these species
in the majority of surface estuaries where the REEs have also been investigated (Table 3).
The exception is groundwater from the Honokohau Harbor well, which exhibits DOC

concentrations similar to some surface estuaries.
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4.2. REE concentrations and input-normalized fractionation patterns

Rare earth element concentrations for coastal seawater and coastal groundwaters
from the Kona Coast are presented in Table 4. Rare earth element concentrations of these
coastal groundwaters are, on average, lower than in groundwaters from the Indian River
Lagoon subterranean estuary in Florida (Johannesson et al., 2011; Chevis et al;, 2015b).
Specifically, Nd concentrations of Kona Coast groundwaters (i.e., filtered through 0.45
pum pore-size filters) range from 158 pmol kg'1 to 192 pmol kg'l, and have a mean (+ SD)
Nd concentration of 178 + 12.9 pmol kg’ (Table 4), whereas Nd concentrations
measured in SGD from the Indian River Lagoon in Florida that were collected identically
(i.e., 0.45 um pore-size filters) range from 110 pmol kg™ to 2409 pmol kg™, and exhibit a
mean (+SD) Nd concentration of 448 + 365 pmolkg" (n = 55; Johannesson et al., 2011;
Chevis et al., 2015b). If the sample with the highest Nd concentration from the Indian
River Lagoon subterranean estuary (i.e., 2409 pmol kg™) is not included, the mean (+SD)
Nd concentration of the remaining samples is 412 + 252 pmol kg™, which is still more
than 2-fold higher, on average, than the mean Nd concentration of Kona Coast
groundwaters. In contrast, groundwaters discharging to the Pettaquamscutt River estuary
in Rhode Island generally exhibit lower REE concentrations than Kona Coast
groundwaters. For example, Nd concentrations range from 0.43 pmol kg™ to 198 pmol
kg and exhibit a mean (+ SD) of 35.2 + 79.8 pmol kg™ in Pettaquamscutt groundwaters
(n = 6; Chevis et al., 2015a). Recent investigations of coastal groundwaters from Jeju
Island in Korea (i.e., Kim and Kim, 2011, 2014) reported substantially higher REE
concentrations for identically filtered (0.45 um pore size filters) samples compared to

groundwaters from the Kona Coast, the Indian River Lagoon, and the Pettaquamscutt
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River estuary. Specifically, the mean (+ SD) Nd concentration for coastal groundwaters
from Jeju Island is 2672 + 1357 pmol kg (n = 16; Kim and Kim, 2011). Although Jeju
Island is also largely composed of basaltic rocks in addition to more evolved volcanic
rocks such as trachyandesites and trachytes (Tatsumi et al., 2004), the Nd concentrations
of the coastal groundwaters are 15-fold higher, on average, than the Nd concentrations of
Kona Coast groundwater.

An outstanding feature of the Kona Coast groundwater data is that the REE
concentrations of water filtered through 0.02 um pore-size filters are statistically
indistinguishable (Student’s t-test; p > 0.05) from those filtered through 0.45 pum pore-
size filters (Table 4, Fig. 3). The REE concentrations of the groundwaters are also similar
to those of the coastal seawater sample (Table 2; Fig. 4). Specifically, the Nd
concentration of the coastal seawater sample (filtered through 0.45 um pore-size filters) is
169 pmol kg™ compared to 158-192 pmol kg™ for the groundwaters (Table 4). Moreover,
the REE concentrations of the Kona Coast seawater samples are substantially higher than
open-ocean seawater from the North Pacific (Fig. 4). For example, Alibo and Nozaki
(1999) report Nd concentrations that range between 6.64 and 24.5 pmol kg™ (mean + SD
=15.6 + 6.5 pmol’kg™") for seawater from the Northwest Pacific Ocean, and Piepgras and
Jacobsen (1992) present Nd data for the North Pacific that range between 5 and 63 pmol
kg' (mean + SD = 29 + 14.3 pmol kg'). It is important to note that the REE data
presented by Alibo and Nozaki (1999) were filtered through 0.04 pum pore-size filters,
whereas those from Piepgras and Jacobsen (1992) are for unfiltered water samples.
Consequently, the data from Alibo and Nozaki (1999) would include colloids larger than

those sampled by the 0.02 um pore-size filters used here for Kona seawater, whereas the
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REE concentrations for North Pacific seawater presented by Piepgras and Jacobsen
(1992) represent the maximum concentrations of the REEs in the analyzed seawater
samples (i.e., dissolved, colloidal, and particulate). For either case, REE concentrations
for Kona Coast seawater exceed those for North Pacific seawater by at least a factor of 7,
and as much as a factor of 29 for the LREEs. Thus, the enrichment of REEs in Kona
Coast seawater compared to North Pacific seawater can not be explained by particulate or
colloidal association of REEs in Kona Coast seawaters because the 0.02 pm filtered
coastal seawater is enriched in REEs over the 0.04 um filtered North Pacific seawater
samples of Alibo and Nozaki (1999).

Shale-normalized REE fractionation patterns of Kona Coast groundwaters and
coastal seawater are all enriched in the HREEs relative to the LREEs (Figs. 4). The shale-
normalized Yb/Nd ratios [i.e., (Yb/Nd)sn, where SN = shale-normalized], which provides
a measure of fractionation across the REE series, are all greater than unity for Kona Coast
waters (Table 4). Specifically, the (Yb/Nd)sy ratios of the 0.45 pm filtered water samples
range from 1.25 to 1.74 (mean = SD = 1.57 £ 0.17), and for the 0.02 pm filtered samples,
this ratio varies between 1.41 and 1.87 (mean + SD = 1.58 £+ 0.18). The REE patterns of
the Kona Coast groundwaters and coastal seawater are also less fractionated than North
Pacific seawater (Fig. 4). By comparison, the (Yb/Nd)sy ratios for the North Pacific
seawater samples analyzed by Alibo and Nozaki (1999) range from 3.49 to 5.29 (i.e.,
0.04 um filtered), and exhibit a mean (+ SD) of 4.49 + 0.52.

Another important feature of the shale-normalized fractionation patterns for Kona
Coast water is the substantial positive Gd anomaly of groundwater from the Honokohau

Harbor well (Fig. 4). Specifically, the Gd anomaly for the 0.45 pum and 0.02 pm filtered
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Honokohau Harbor well waters are 5.05 and 6.84, respectively (Table 4). These values
exceed the commonly observed positive Gd anomalies of open ocean seawater (e.g., Kim
et al., 1991), which ranges, for example, from 1.04 to 1.23 (mean + SD = 1.15 £ 0.06) in
the North Pacific seawater samples analyzed by Alibo and Nozaki (1999). Coastal
seawater from Kona also exhibits a positive Gd anomaly that exceeds the reported mean
value for North Pacific seawater by between 18 to 28%, based again on the data from
Alibo and Nozaki (1999). Positive, shale-normalized Gd anomalies larger than those
reported for open ocean seawater are not a characteristic of the other Kona Coast
groundwaters.

Normalization of the REE concentrations of Kona Coast waters to shale
composites is instructive for comparisons to. other natural waters. However, because the
local bedrock consists of basalts and their weathering products, a more appropriate
normalizing standard is the local ‘basaltic bedrock. Figure 5 presents REE fractionation
patterns of Kona Coast groundwaters and coastal seawater normalized to a composite of
local basalts. The basalt composite represents the average REE content of alkali, Hualalai
basalts (n = 12) presented in Hanano et al. (2010). A key feature of Fig. 5 is the generally
flat fractionation pattern between La and Dy, and the marked enrichment in REEs heavier
than Dy in these groundwaters and the coastal seawater sample compared to the basalts.
Positive, basalt-normalized Gd anomalies are apparent for both Honokohau Harbor well
water as well as coastal seawater. In addition, all of the Kona Coast waters exhibit
negative Eu and small, positive Ce anomalies when normalized to the local basalt

composite (Fig. 5).
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4.3. Mixing experiments

The results of the Honokohau Harbor and Lava Tube mixing experiments for Nd,
Gd, and YD are presented in Figs. 6 and 7, respectively. Because the REE concentrations
of Kona Coast waters filtered through 0.45 pm and 0.02 pm pore-size filters were not
statistically different (Student’s #-test; p > 0.05), only data for waters filtered through 0.45
um filters are shown. Nonetheless, the full datasets for these mixing experiments are
included in the Appendix (Tables Al, A2).

The REE concentrations in the coastal groundwater endmembers are only slightly
enriched (between 1.1 to 2 times) over their concentrations in coastal seawater. The only
exception is Gd in the Honokohau Harbor mixing experiment, which is 4.5-fold higher in
Honokohau Harbor well water compared to the coastal seawater sample. In general,
positive deviations from the conservative mixing line connecting the groundwater
endmembers with the coastal seawater sample characterize the majority of the REE data
for both mixing experiments. Again, the chief exception is Gd in the Honokohau Harbor
mixing experiment, which exhibits a nearly linear dilution trend, indicating conservative
behavior (Fig. 6). Gadolinium did not, however, exhibit conservative behavior in the
Lava Tube mixing experiment (Fig. 7).

The majority of the REE concentrations for both mixing experiments plot above
the conservative mixing line indicating that REEs were released from suspended particles
or colloids upon mixing. For the Honohohau Harbor mixing experiment, the greatest REE
release occurred at salinities between 7 and 15 where between 22 and 38 pmol kg™ of Nd
was mobilized (Fig. 6). The greatest release occurred at slightly lower salinities (i.e., 5 to

8) in the Lava Tube mixing experiment where 25 to 35 pmol kg™ of Nd was released
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(Fig. 7). Two exceptions occurred for both mixing experiments where the measured REE
concentrations plotted below the conservative dilution lines suggesting removal of the
REEs. These include the 5.3 and 31.9 salinity samples from the Honokohau Harbor
mixing experiments, and the 4.4 and 20.1 salinity samples from the Lava Tube mixing
experiment (Tables Al, A2). The relative amount of release generally followed that
sequence LREE > MREE > HREE in both mixing experiments, and the overall amounts
of REE release were greater in the Honokohau Harbor mixing experiment than for the

Lava Tube mixing experiment (Figs. 6, 7).

4.4. Geochemical modeling

The results of the solution complexation modeling for REEs in Kona Coast
groundwaters and the coastal seawater sample are presented in Fig. 8. The Geochemist’s
Workbench® software package ‘employs the “B-dot” model to estimate activity
coefficients of solutes in solution (Helgeson, 1969). The B-dot model is described in the
electronic annex along with a comparison of its performance against a combined specific
ion interaction and ion-pairing model.

The " speciation model predicts that REEs chiefly occur in Kona Coast
groundwaters and coastal seawater as complexes with carbonate ions. Specifically, the
dicarbonato complex, Ln(COs),, is predicted to predominate for all of the REEs in the
Kona Coast groundwaters and coastal seawater. The only exceptions are La and Ce in the
Honokohau Harbor well water, where the carbonato complex, LnCOs", is predicted to
account for more (i.e., La) and approximately equal amounts (i.e., Ce) than the

dicarbonato complex (Fig. 8). More specifically, the model predicts that between 77%
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(i.e., La in Honokohau Harbor well water) and ~100% of each REE occurs as carbonate
complexes [i.e., LnCO;" + Ln(COs),] in Kona Coast waters.

Results of the solution complexation modeling for the two mixing experiments
are summarized in Figs. 9 and 10. The activity of the free metal ion, [Ln3+] r, decreases
dramatically with increasing salinity in each mixing experiment as progressively more of
each REE is complexed with dissolved carbonate ions. The negatively charged
dicarbonato complex, [i.e., Ln(COs3),] is again the chief form of each REE in solution,
and the percentage of each REE that occurs as discarbonato complexes increases with
increasing salinity, increasing pH, and increasing atomic number (Figs. 9, 10; Tables Al,
A2). The results of the solution complexation modeling for the Honokohau Harbor
mixing experiment exhibit greater variation than the Lava Tube mixing experiment
chiefly because of the greater pH change across the salinity gradient for the Honokohau
Harbor experiment (Tables Al, A2). Specifically, pH changes from 6.9 to 8.03 for the
Honokohau Harbor mixing experiment compared a pH change from 7.7 to 8.03 for the
Lava Tube mixing experiment. Hence, greater amounts of each REE are predicted to
occur as carbonato complexes [i.e., NdCO;* ~ 30 — 35%; YbCO3" ~ 12 — 13%;] and free
metal jons [Nd>* = 1.5%; Yb** ~ 0.2%] in the lower salinity portions of the Honokohau
Harbor mixing experiment compared to the Lava Tube mixing experiment. By
comparison, NdCOs* and Nd** are predicted to account for ~11% and 0.1% of total
aqueous Nd, and YbCO;", and Yb’* for less than 3% and 0.005%, respectively, of total
dissolved YD in the low salinity waters of the Lava Tube mixing experiment (Fig. 10).

The results of the solution — surface partitioning model for the REEs in the

Honokohau Harbor mixing experiments are presented in Fig. 11. Here the inverse of
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equation 1, [i.e., (DLn/DGd)'l], is plotted as a function of salinity. Hence, values that
exceed unity indicate that the particular REE has a greater proclivity for the solution
phase compared to Gd at any given salinity (e.g., Byrne and Kim, 1990). Values less than
one indicate that the REE has a greater preference for O-donor surface sites on suspended
particles or colloids relative to Gd. Again, the partition coefficients are not computed
using the REE concentrations measured in the waters, and hence are not influenced by,
for example, the anomalously high Gd concentrations of Honokohau Harbor well waters
and the mixing experiments performed with this well water. For the Honokohau Harbor
mixing experiment, the model indicates that REEs lighter than Gd, such as La and Nd,
exhibit a greater affinity for the solution phase than for surface sites of particles or
colloids compared to Gd, but that the preference of the LREEs for the solution phase
decreases with increasing salinity and increasing pH across the mixing gradient. In
contrast, REEs heavier than Gd (i.e., Dy, Yb, Lu) prefer to be adsorbed on suspended
particles or colloids at lower salinities and lower pH (Fig. 11). Nevertheless, as salinity
and pH increases, HREEs exhibit an increasing affinity for the solution phase such that
they are expected to preferentially partition to the solution phase when salinity exceeds ~
15 and pH exceeds ~ 7.5. Prouty et al. (2016) noted that peak release of colloidal bound
phosphate also occurred at a salinity of 15. For the Lava Tube mixing experiment, the
model indicates that all of the REEs exhibit a preference for the solution phase relative to
Gd, such that the solution — surface partitioning behavior of the REEs varies little with

changing salinity.
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5. Discussion
5.1. REEs in Kona Coast groundwaters

The nearly identical shale-normalized REE fractionation patterns of Kona Coast
groundwaters and the local seawater provides strong evidence that SGD is the chief
source of REEs to the coastal ocean (Fig. 4). Furthermore, the positive Eu anomalies that
are apparent in REE patterns when Kona Coast groundwaters are normalized to the
coastal seawater values (Fig. 12) likely reflect a weathering signature of the local basalts
(e.g., Tanaka et al., 2008; Ren et al., 2009; Frollje et al., 2016). The importance of SGD
as the principal source of REEs to the coastal ocean is underscored by the substantially
higher REE concentrations of Kona Coast seawater, especially the LREEs, when
compared to North Pacific seawater (Fig. 4). Moreover, because the 0.45 pm and 0.02 um
filtered water samples returned REE concentrations that are statistically indistinguishable
from each other based on a two-tailed Student’s ¢-test, the data demonstrate that the REEs
are either in solution as truly dissolved ionic species or are associated with LMW colloids
(i.e.,< 0.02 um in diameter). The identical (Yb/Nd)sy ratios of the 0.45 pm and 0.02 pm
filtered Kona Coast waters further support this observation.

The relatively large positive Gd anomaly that characterizes the shale-normalized
REE pattern of the Kona Coast seawater sample indicates that treated wastewater from
the Kealakehe WWTF influences these coastal waters offshore of Honokohau Harbor.
Specifically, large positive Gd anomalies commonly reflect anthropogenic Gd that
originates from highly stable Gd containing contrast agents, such as Gd-(DPTA)”, that
are used in magnetic resonance imaging (Bau and Dulski, 1996). The dissolved Gd-

(DPTA)* complex is subsequently transferred to environmental waters via waste water
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treatment facilities with little apparent breakdown during the treatment process (e.g., Bau
and Dulski, 1996; Kiimmerer and Helmers, 2000; Verplanck et al., 2005). Because the
WWTF discharges effluent to an excavated pit located approximately 1 km up gradient
from the Honokohau Harbor well (Parsons et al., 2008), and because groundwater from
this well exhibits an even larger positive Gd anomaly, the smaller, albeit significant,
positive Gd anomaly observed in Kona seawater can be explained by mixing of local
wastewater-impacted SGD with North Pacific seawater. The results of the Honokohau
Harbor mixing experiment where Gd behaves conservatively when Honokohau Harbor
well waters are mixed with local seawater supports this hypothesis (Fig. 6). Indeed, the
Honokohau Harbor mixing experiment confirms that anthropogenic Gd behaves
conservatively during mixing in subterranean estuaries, as previously suggested in field
studies of surface estuaries (e.g., Kulaksiz and Bau, 2007; Hatje et al., 2016). Therefore,
anthropogenic Gd may be a potential tracer of sewage discharge to natural waters,
including the coastal ocean.

The Hualalai basalt-normalized REE patterns of Kona Coast groundwaters are
relatively flat between La and Dy (Fig. 5). These flat patterns support the notion that
chemical weathering of the local basalt is the chief source of REEs to the groundwaters,
and hence, to the coastal ocean. Furthermore, the flat basalt-normalized REE patterns of
the groundwaters indicate that little fractionation of the LREEs and the MREEs occurs
during chemical weathering and dissolution of the Hualalai basalts, and subsequent
transport of REEs through the subterranean estuary. In contrast, REEs heavier than Dy
(i.e., Ho through Lu) are enriched in Kona Coast groundwaters when normalized to the

Hualalai basalts compared to the LREEs and MREEs, indicating that the HREEs are
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more mobile during chemical weathering of the local Kona Coast basalts. These
observations are consistent with many previous studies of REE behavior during chemical
weathering (Nesbitt, 1979; Duddy, 1980; Braun et al., 1990, 1993; Nelson et al., 2004).
The origin of the REE fractionation patterns of Kona Coast groundwaters can be
understood by considering the following conceptual model. When local rainwater (pH ~
4.8; Eriksson, 1957; Berner and Berner, 2012) infiltrates the Hualalai basalts, its acidity
is sufficient to corrode the volcanic glass that dominates these basalts as well as any
phenocryst minerals (e.g., olivine), releasing REEs into solution. The relative distribution
(i.e., fractionation pattern) of the REEs in the initial weathering solution/groundwater will
likely resemble the fractionation pattern of the bulk rock, or more specifically, the
dominant basaltic glass component of these basalt flows (e.g., Price et al, 1991).
Secondary minerals formed during low-temperature chemical weathering of basaltic glass
(e.g., clay minerals, Fe/Mn oxides/oxyhydroxides, and especially rhabdophane)
preferentially capture the LREEs, and to a lesser extent, the MREEs, that are mobilized
during weathering compared to the HREEs, which are more stable in solution as
carbonate complexes (Humphris, 1984; Eggleton et al., 1987; Price et al., 1991; Fodor et
al., 1992a, b, 1994; Gillis et al.,, 1992; Nesbitt and Wilson, 1992; Daux et al., 2004;
Cotton et al., 1995; Stefansson and Gislason, 2001; Ziegler et al., 2003). As chemical
weathering proceeds, bicarbonate ions are produced and pH rises, as does the
concentrations of dissolved carbonate ions.  Together, these processes act to
preferentially sequester LREEs and MREEs by adsorption onto, or uptake within,
secondary minerals, whereas the HREEs are preferentially mobilized from sites of active

weathering by strong complexing ligands like carbonate ions and subsequently
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transported, as dissolved complexes, with flowing groundwater (Ronov et al., 1967;
Aagaard, 1974; Nesbitt, 1979; Duddy, 1980; Braun et al., 1990, 1993; Johannesson et al.,
1999; 2005; Tang and Johannesson, 2010a). Comparable arguments have been advanced
to explain the similar input-normalized REE fractionation patterns of groundwaters from
the Wanapum Basalt aquifer in northern Idaho and eastern Washington (Nelson et al.,
2004).

The enrichment of the HREEs in the Kona Coast groundwaters compared to the
basaltic aquifer rocks is consistent with the conceptual model as well as the results of the
solution complexation modeling, which predicts that HREEs chiefly occur in these
groundwater as highly stable, negatively charged dicarbonato complexes, Ln(COs3)," (Fig.
8). In contrast, substantial amounts of the LREEs (e.g., more than 40% and 8% of La in
Honokohau Harbor Well waters) are predicted to occur in solution as positively charged
carbonato complexes, LnCO;", and free metal ions, Ln3+, respectively (Fig. 8). Because
the stability constants describing the formation of dissolved REE carbonato and
dicarbonato complexes increase by more than 10- and 117-fold, respectively, with
increasing atomic number across the REE series (Luo and Byrne, 2004), the HREEs form
stronger aqueous carbonate complexes than either the LREEs or MREEs. The formation
of strong aqueous complexes lowers the activity of the free metal ion, which inhibits
surface complexation of the HREEs onto — or uptake within — secondary minerals like
metal oxides/oxyhydroxides, compared to the LREEs, and to a lesser degree, the MREE:s,
during weathering and subsequent transport of the REEs through the coastal basalt
aquifers (Byrne and Kim, 1990; Koeppenkastrop and De Carlo, 1992, 1993; Quinn et al.,

2004, 2006; Tang and Johannesson, 2005). We note that estimates of the point of zero net
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proton charge for Hawaiian basalts are less than 6.2 and 5.8 for 0.001 and 0.01 molar
solutions, respectively (Chorover et al., 2004), suggesting that in addition to free metal
ions, REE carbonato complexes, but not dicarbonato complexes, will also adsorb onto
surfaces of the local basalt aquifer. Consequently, the HREEs are predicted to be more
mobile in the Kona Coast groundwater system compared to the MREESs, and especially

the LREEs.

5.2. Mixing experiments

The results of the Kona Coast mixing experiments. differ dramatically from
similar experiments involving river waters. Specifically, substantial removal of REEs
from solution is commonly reported in laboratory experiments in which river water is
mixed with seawater, with the majority of the REEs being removed at low salinity (i.e., O
to 10; Hoyle et al., 1984; Sholkovitz, 1995). In contrast, the REEs were released into
solution when Kona Coast groundwaters were mixed with local seawater (Figs. 6, 7). It
should be noted that in the mixing experiments conducted by Sholkovitz (1995) the water
samples were filtered through 0.22 pm filters prior to mixing, whereas in our
experiments, the water samples were mixed prior to filtration. Consequently, our
experiments are more akin to those of Hoyle et al. (1984) in which river water filtered
through 18 um pore-size filters were mixed with seawater that had been filtered through 5
um pore-size filters. Consequently, because we mixed Kona Coast groundwaters with
seawater prior to filtration, suspended particulate matter, as well as colloids, were

available to coagulate, flocculate, and remove REEs from solution. Nevertheless, the
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Kona Coast mixing experiments induced mobilization of REEs to the dissolved phase
instead of removal (Figs. 6, 7).

The loss of REEs from solution observed in earlier laboratory investigations that
employed river waters was ascribed to salt-induced coagulation and flocculation of Fe-
rich, organic colloids at low salinity, which scavenged the REEs and other trace metals
from solution, and then settled out of suspension (Sholkovitz, 1976, 1993,71995; Boyle et
al., 1977, 1982; Sholkovitz and Copland, 1981; Hoyle et al., 1984). Transects through a
number of surface estuaries also reveal substantial removal of REEs from solution in the
low salinity regions where river water initially encounters seawater, in agreement with
the bottle mixing experiments discussed above (e.g., Martin et al., 1976; Goldstein and
Jacobsen, 1988a; Sholkovitz and Elderfield, 1988; Elderfield et al., 1990; Sholkovitz,
1993, 1995; Sholkovitz and Szymczak, 2000; Lawrence and Kamber, 2006; Censi et al.,
2007, Astrom et al., 2012; Rousseau et al., 2015). Again, the same mechanism of salt-
induced coagulation and flocculation of Fe-rich, organic colloids, can explain REE
removal from the water column in the low salinity region of these surface water estuaries.
It should be noted that a number of field-based estuarine studies have also reported
release of REEs back to the water column at mid to high salinities (i.e., salinity > 20),
although the fraction of REEs released back to solution is generally small compared to
the amount removed in the low salinity region of the estuary (e.g., Sholkovitz, 1995;
Sholkovitz and Szymczak, 2000; Lawrence and Kamber, 2006). The release of REEs in
the mid to high salinity region of estuaries likely reflects diagenetic processes occurring
in estuary sediments and associated porewaters such as reductive dissolution of

Fe(IIT)/Mn(IV) oxides/oxyhydroxides and subsequent release of sorbed or co-precipitated
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REEs, remineralization of organic matter containing sorbed/complexed REEs, and/or
displacement of REEs from mineral surfaces by marine salts (Elderfield and Sholkovitz,
1987; Sholkovitz et al., 1989, 1992; Haley et al., 2004). Release of REE in the Kona
Coast subterranean estuary mixing experiments occurs as substantially lower salinities. (7
— 8) compared to the mid to high salinities where REE release is reported to occur in
surface estuaries (> 20; Sholkovitz and Szymczak, 2000).

A possible explanation of the REE behavior in the Kona Coast mixing experiment
may be related to the fact that these coastal groundwaters are brackish and not fresh
(Table 2), and consequently REEs were previously removed from solution further up
gradient in the subterranean estuary where fresh groundwater first encounters
recirculating seawater. In this case, fresh Kona Coast groundwater (i.e., salinity ~ 0)
would be expected to exhibit higher REE concentrations than the nearshore, brackish
groundwaters analyzed here. However, a number of features of the Kona Coast
subterranean estuary argue against this possibility. First, other than Gd in the Honokohau
Harbor well, there is relatively little difference in the REE concentrations of the Kona
Coast groundwater samples despite their range in salinity. For example, notwithstanding
the fact that groundwater from the KAHO 3 well is 6-fold more saline, exhibits a Cl
concentration that is 6 times higher, and an ionic strength that is a factor of 3.6 greater
than groundwater from the Hind (i.e., Lava tube) well, the Nd concentration of the fresher
Hind well groundwater is only 1.2 times higher than in the more saline KAHO 3 well
groundwater (Tables 2, 4). Moreover, the Nd concentration of the fresher groundwater
from the Hind well is less than a factor of 1.1 higher than Nd in the Honokohau Harbor

well groundwater, regardless of the fact that the latter groundwater is 2.4 times more
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saline. Furthermore, Tillman et al. (2014a) recently reported concentrations for some
REE:s in groundwaters from the Kona Coast, including fresh (salinity ~ 0), groundwaters
from wells that are up gradient from the brackish nearshore groundwaters we sampled.
Although Tillman et al. (2014a) do not report data for the majority of the REEs, they do
present concentrations for La (mean + standard deviation = 8.8 + 5.5 pmol kg, n = 3),
Ce (mean = 21 pmol kg, n = 2), and Pr (mean = 27.6 pmol kg, n = 2)for fresh Kona
Coast groundwaters. The La and Ce concentrations of these fresh groundwaters are, on
average, 16-fold lower than in the nearshore, brackish Kona Coast groundwaters, and Pr
is nearly 1.5 times lower in the fresh groundwaters (Table 4). Taken together, these
observations, and the fact that the nearshore Kona Coast groundwaters exhibit similar
REE concentrations to the coastal seawater (Fig. 4), indicate that large-scale removal of
REEs, which characterizes the behavior of the REEs in the low salinity region of many
surface estuaries, is not a feature of the subterranean estuary along the Kona Coast.

The lack of removal of REEs from solution in the Kona Coast mixing
experiments, and by inference, the Kona Coast subterranean estuary, instead likely
reflects the much lower dissolved organic carbon concentrations, as well as the lower
dissolved Fe and Mn concentrations, of these groundwaters compared to previously
studied rivers and associated surface estuaries that exhibit REE removal (Table 3). For
example, DOC concentrations are between 4 and 21 times greater in these rivers and their
associated estuaries than in Kona Coast groundwaters, excluding groundwater from the
Honokohau Harbor well, which again receives effluent from the WWTF (e.g., Parsons et
al., 2008; Hunt, 2014; Prouty et al., 2016; Table 3). Dissolved Fe concentrations in these

rivers and surface estuaries are also commonly between 2- and 5-fold higher than in Kona
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Coast groundwaters (Tables 2, 3). In fact, the Kona Coast groundwaters have Fe
concentrations that are either identical to the coastal seawater sample (i.e., 11.6 nmol kg
1) or below detection (i.e., < 3 nmol kg'l; Table 2). The one exception is groundwater
from the KAHO 2 well, which has a Fe concentration of 62.5 nmol kg". The low DOC
and Fe concentrations that characterize Kona Coast groundwaters likely inhibit salt-
induced flocculation and coagulation, and hence REE removal, when the groundwater
mixes with seawater in local subterranean estuaries. The low DOC concentrations of
Kona Coast groundwaters reflect the arid climate and sparse surface vegetation of this
leeward desert, whereas the low Fe and Mn concentrations are explained by the oxic
nature of these groundwaters (83.4 pmol kg” < DO < 252 umol kg™'; Table 2), and their
relatively short groundwater residence times. in the aquifer (~ 30 years; Kelly and Glenn,
2015). We note that Hoyle et al. (1984) also reported no detectable REE loss across the
salinity gradient in the organic matter-poor Wharfe River estuary in the United Kingdom.

The release of REEs to solution in the mixing experiments reflects a combination
of processes that are related to changes in REE solution complexation across the salinity
gradients in each-experiment (Figs. 9, 10). These changes are chiefly driven by increasing
pH, which leads to increases in the concentrations of carbonate ions, [C032'], and to a
lesser extent by the salinity increase that accompanies mixing of the terrestrial
groundwaters with coastal seawater. The effect of increasing pH and changing solution
composition is to increase the amount of each REE in solution that is complexed to
strong dissolved ligands, namely carbonate ions [i.e., LnCO;", Ln(COs),], which
concomitantly decreases the amount of each REE in solution that occurs as free metal

ions, Ln’* (Figs. 9, 10). The decrease in free metal ion activity across the mixing gradient
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helps drive REE desorption from suspended particles or colloids during mixing (Figs. 9,
10; Comans and van Dijk, 1988). Hence, the lower pH of Honokohau Harbor well water
(pH 6.9) compared to groundwater from the Hind well (pH 7.7) explains, in part, the
greater release of REEs in general, and the LREEs in particular, in the lower salinity
samples from the Honokohau Harbor mixing experiment compared to the Lava Tube
mixing experiment. The predicted predominance of aqueous REE dicarbonato complexes
across the salinity gradient of both mixing experiments (Figs. 9, 10) further inhibits REE
adsorption, and instead promotes desorption of REEs from suspended particles or
colloids in these mixed solution (e.g., Tang and Johannesson, 2005).

Increasing salinity also likely plays a role in the release of REEs from suspended
particles or colloids during mixing. More specifically, increases in the concentrations of
competing cations, namely Mg>" and ‘Ca®’, that accompanies increasing salinity can
promote desorption of REEs (Tang and Johannesson, 2005, 2010b). Moreover,
competitive sorption reactions are commonly more important at low pH where these
reactions affect the LREEs to a greater extent than either the MREEs or HREEs (Tang
and Johannesson; 2005, 2010b).

The results of the solution — surface partition model for the REEs are also
generally in agreement with the observations of the mixing experiments. For example, the
partition model suggests that the LREEs exhibit a greater affinity for the solution phase at
lower salinities in the Honokohau Harbor mixing experiment compared to the MREEs
and HREESs, which is also observed in the mixing experiment. The greater affinity of the
LREEs for the solution phase predicted for the Honokohau Harbor mixing experiment

compared to the Lava Tube mixing experiment can again be explained by the lower pH
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of the endmember groundwater (Honokohau Harbor well water, pH 6.9) compared to the
Hind well (pH 7.7). The partition model results are consistent with the notion that
relatively more of the REEs in general, and the LREEs in particular, are released from
suspended particles or colloids in the Honokohau Harbor mixing experiment as pH
increases and the formation of strong aqueous, dicarbonato complexes become
progressively more abundant. In contrast, because groundwater from the Hind well is
nearly a whole pH unit higher than Honokohau Harbor well water, the majority of surface
bound REEs have already been stripped from suspended particles or colloids by
formation of aqueous REE dicarbonato complexes. As a consequence the partition model
predicts only small variations in the partitioning behavior of the REEs across the salinity

gradient for the Lava Tube mixing experiment.

5.3. Submarine groundwater discharge fluxes

The groundwater flux of REEs to the ocean along the Kona Coast is estimated
using the volumetric SGD fluxes determined by Peterson et al. (2009), and assuming that
the behavior of the REEs in the mixing experiments is representative of their behavior in
Kona Coast subterranean estuaries. The SGD fluxes from Peterson et al. (2009) are
employed because these researchers investigated SGD at both Honokohau Harbor, as
well as at Kiholo Bay, which corresponds with our Lava Tube mixing experiments,
hence, providing a consistent set of SGD estimates for our two study sites.

To model REE release across the salinity gradient at the Honokohau Harbor and
Kiholo Bay sites, we employ the method developed by Li and Chan (1979) for trace

elements that behave nonconservatively in estuarine systems. The approach follows from
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the work of Boyle et al. (1977), Hanor and Chan (1977), and Officer (1979), whereby the
release rate of a particular nonconservative trace element is estimated by constructing a
chord or a tangent line from the ocean endmember through the highest salinity point(s) on
the nonconservative trace element concentration versus salinity distribution curve for the
estuary, or in our case, the salinity gradient of the mixing experiment (Li and Chan, 1979;
Maeda and Windom, 1982; Swarzenski et al., 1995). Commonly, the tangent line is
approximated by linear regression from the ocean endmember through the more saline
water samples and back to O salinity (Li and Chan, 1979; Swarzenski et al., 1995; Nozaki
et al., 2001). The resulting y-intercept of the tangent line, or computed linear regression
line, is an estimate of the effective terrestrial water endmember concentration of the
nonconservative trace element (Li and Chan, 1979; Head, 1985, and references therein).
For the Kona Coast subterranean estuaries, the resulting y-intercept is the effective
freshwater endmember concentration of the particular REE.

The model assumes steady state conditions, which implies mass balance equations
for water, salts, and the nonconservative species of interest (Li and Chan, 1979). For the
water balance, we have

Qrotsep = Qrsep + Qmarinescp: (3)
in which Qrsep and Quurinescp are the terrestrial and marine SGD (m® day™), which when
combined, gives the total SGD flux, Qruscp (€.g., Martin et al., 2007; Johannesson et al.,

2011). The salt mass balance, written in terms of the salinity, S, is

QrotsepSTotsed = QrsepStsep + QAMarinescpSMarinescn » “)
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where Stotsop, Stscp, and Smarinesgp represent the salinity of the total SGD, the terrestrial
sourced SGD, and the marine sourced SGD fluxes. The mass balance for each REE is

then given by

L
Qrotsep[Ln]Totsep = Qrsep[Ln]rsgp + Qmarinesep [LN]Marinesep + ]EieI;]orb (5)

where [Ln]tosgp, [Ln]tsep, and [Ln]marinesgp are the individual REE concentrations in the

total, terrestrial sourced, and marine sourced SGD, and ]g“eI;]orb is the desorption (i.e.,
release rate) flux of each individual REE from suspended particles or colloids to solution
(e.g., Li and Chan, 1979; Swarzenski et al., 1995). Combining-equations 3 through 5,

and rearranging yields

[Ln]

[Ln]rsgp + ﬁ = [Ln]totsp — (STotscd

- S ) [Ln]TotsGp— [LN]MarinesGD
TSGD >

STotSGD~ SMarineSGD
or, more simply

[Ln] A[Ln]

[Ln]rsgp + Sesorb = [Ln]totsep — (Stotsep — STsp) YR (6)
TSGD

where the left hand side of equation 6 is the effective terrestrial SGD concentration for
any given REE, which again represents the y-intercept of the tangent line described above
(Liand Chan, 1979; Head, 1985; Swarzenski et al., 1995).

Constructing a tangent line to determine the maximum release for each REE in
our mixing experiments is difficult because the data commonly exhibit multiple peaks
and troughs (Figs. 6, 7). Moreover, models for desorbing, nonconservative trace elements
(e.g., Hanor and Chan, 1977) imply that plots of trace element concentrations versus
salinity may be persistently concave-down — that is, there may be no straight-line region
of the trend from which to construct the dilution line as is commonly recommended

(Boyle et al., 1974). However, these issues can be approached statistically, whereby the
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trace element concentration variations across the salinity gradient can be modeled using a
bootstrap (see electronic annex and Fig. EA3 for details), which approximates plausible
sampling distributions by drawing with replacement (Efron and Tibshirani, 1986). The
nonlinear character of the REE concentration versus salinity curves (e.g., Figs. 6 and 7)
can be modeled using local regressions or loess fits to each of the bootstrap samples (see
electronic annex; Cleveland et al., 1992). The loess fit can then be scanned to find the

[Ln]le\l/[qarme_[]-'n]aq
gMarine_g

point (S, [Ln],q) for which is maximized. This point represents the point

of maximum desorption/release of the REE in the mixing experiment, which can occur
anywhere between the two endmembers. Here, [Ln]yqarine 1s the concentration of the

particular REE in the ocean endmember sample-and $*™™ is the salinity of the ocean
endmember, whereas [Ln],q and S are the REE concentration and salinity value for any
sample between the terrestrial and ocean endmembers.

The statistical analysis of the mixing experiment data was implemented in
statistical software (R Core Team, 2015). The bootstrap procedure was modified so that
the endmembers of the mixing experiments are always included in the sample, and the
loess fit is forced through the endmembers (Fig. EA3 in the electronic annex). For each
bootstrap sample, estimated errors at each measured sample point (including
endmembers) were added to the measurements. A large bootstrap sample (10*) yielded

stable estimates of the effective terrestrial groundwater endmember (i.e., salinity of zero)

[Ln]

desorb ) " along with its nonparametric
Qrscp

REE concentration (y-intercept = [Ln]tsgp +

distributions (Figs. 13 and EA3). Distributions can also be computed for the desorption—

dilution line and the measurements per se (see Fig. 13).
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Application of the model to Nd is shown in Fig. 13 for both the Honokohau
Harbor and Lava Tube mixing experiments. Results for the other 13 REEs for both the
Honokohau Harbor and Lava Tube mixing experiments are presented in the Figs. EA4
through EA17 in the electronic annex. The orange-brown curved line shows the median
loess fit to the measured Nd concentrations, and the orange-brown field represents the
95% confidence interval for the loess fit to the data. Likewise, the dark blue straight line
constructed from the ocean endmember to salinity of zero, the corresponding y-intercept,
is the median of the bootstrap sample for the tangent line of these data, whereas the light
blue triangular field is the 95% confidence interval. That is, the effective terrestrial
groundwater Nd concentrations for the mixing experiment data should fall within the
range of potential y-intercepts shown on Fig. 13 with 95% confidence, with the median
effective terrestrial groundwater Nd concentration of the bootstrap depicted as the blue
circle. The inferred distributions of the effective terrestrial groundwater REE
concentrations are commonly skewed (Figs. EA18 — EA31), which motivated the use of
nonsymmetric confidence intervals along with the median as a point estimate.

Combining the terrestrial groundwater discharge fluxes for Honokohau Harbor
(8600 m® day™) and Kiholo Bay (6300 m’ day"') from Peterson et al. (2009), with our
computed estimates of the effective terrestrial groundwater REE concentrations
determined as shown above for Nd, and the other 13 REEs in Figs. EA4 — EA17 in the
electronic annex, provides estimates of the total SGD fluxes of REEs to the coastal ocean
at Honokohau Harbor and Kiholo Bay (Tables 5 and 6). For example, in the case of Nd,
we estimate that the total SGD flux of Nd to the coastal ocean ranges between 1909 pmol

day™ and ca. 2590 pmol day™ (median ca. 2200 pmol day™) in the vicinity of Honokohau
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Harbor, and between 1290 pmol day™ and 1700 pmol day™ (median ca. 1450 pmol day™)
at Kiholo Bay (Tables 5 and 6). The desorption flux, or release rate, of Nd during mixing
in the subterranean estuary is estimated to range from 370 pmol day™ to 1050 pmol day™
(median ca. 660 pmol day™) at Honokohau Harbor, and from 82 pumol day™ to 490 pmol
day” (median ca. 239 pmol day') at Kiholo Bay. Hence, the Nd desorption flux
represents between 19% and 41% (median ca. 30%) of the total SGD flux of Nd to the
coastal ocean near Honokohau Harbor, and between 6.3% and 29% (median = 16.5%) of
the total SGD flux of Nd at Kiholo Bay. Consequently, our estimates suggest that REE
release from suspended particles or colloids in subterranean estuaries along the Kona
Coast represents a significant fraction of the total groundwater flux of REEs to the coastal
ocean. Field-testing by sampling groundwaters from wells/piezometers constructed along
a salinity gradient will be necessary to verify whether REE release from suspended
particles or colloids upon mixing of groundwater and seawater is characteristic of Kona
Coast subterranean estuaries.

The SGD fluxes of the REEs estimated for the Kona Coast are of the same order
of magnitude as‘our recent estimates for SGD fluxes of REEs to the coastal ocean in
Rhode Island and Florida (Chevis et al., 2015a, b). Specifically, Chevis et al. (2015b)
estimated a SGD flux of Nd of 26 + 11 mmol day™ in the vicinity of the Pettaquamscutt
River estuary in Rhode Island, and Chevis et al. (2015b) computed a SGD flux for Nd to
the Indian River Lagoon in Florida of 9.4 + 1 mmol day™. Again, our best estimate of the
SGD flux of Nd to the coastal ocean near Honokohau Harbor is 2.2 mmol day™, whereas
at Kiholo Bay, our best estimate is 1.4 mmol day” of Nd delivered to the coastal ocean

via SGD (Tables 5, 6). The SGD fluxes of the REEs to the coastal ocean in the vicinity of
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the Pettaquamscutt River estuary in Rhode Island and the Indian River Lagoon in Florida
are also of similar magnitude to the estimated surface water influxes to both systems (36
mmol day” and 7.7 + 1 mmol day”, respectively; Chevis et al., 2015a, b). Although no
streams discharge to the ocean along the studied portion of the Kona Coast, the slightly
lower SGD fluxes of the REEs to these coastal waters (e.g., when compared to the
Pettaquamscutt River estuary and Indian River Lagoon) are sufficient to overwhelm
background seawater REE concentrations, which results in REE concentrations that are
ca. 10-fold higher, and as much as 50-fold higher than REE concentrations measured in
North Pacific surface waters. These observations suggest that even arid regions of
oceanic islands can generate SGD fluxes of the REEs that represent the major source of
these trace elements to the proximal ocean (see also Frollje et al., 2016). Our results
support previous investigations at Jeju Island, South Korea, where SGD fluxes of REEs
also appear to comprise the primary material flux of these trace elements to coastal

waters (Kim and Kim, 2011, 2014).

6. Conclusions

The similarity in the REE fractionation patterns between the Kona Coast
groundwater and coastal seawater, the 10- to 50-fold enrichment in REEs concentrations
of Kona Coast seawater over open-ocean, North Pacific seawater, and the lack of surface
streams along the Kona Coast, all point to SGD being the chief source of REEs to the
coastal ocean along the Kona Coast of the Big Island of Hawaii. This notion is further
supported by the nearly identical shale-normalized REE pattern of local groundwaters

and seawater, which are markedly flatter than the shale-normalized REE patterns of
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North Pacific seawater. Treated wastewaters from a local wastewater treatment facility
(WWTF) can also be traced from nearshore well waters into the coastal ocean by means
of large positive Gd anomalies, which further supports SGD as the chief source of REEs
to these coastal waters. Normalization of the groundwater REE concentrations to the REE
content of local Hualali basalt flows indicate that chemical weathering of thesebasalts is
the primary source of REEs to the groundwater, and hence, coastal ocean, and that
dissolved HREE concentrations are enhanced relative to the basalts by formation of
strong solution complexes with dissolved carbonate ions. Sequential filtration of the
groundwaters through 0.45 pum and then 0.02 pm filters returns statistically
indistinguishable REE concentrations indicating that dissolved REEs are transported in
Kona groundwaters to the ocean as “truly dissolved” ionic species or low molecular
weight colloids.

Laboratory mixing experiments reveal that the REEs are released from suspended
particles or colloids to solution when Kona Coast groundwaters are mixed with local
seawater. The lack of REE removal from solution in the mixing experiments, and hence,
by inference, Kona Coast subterranean estuaries, is attributed to the low DOC and Fe
concentrations of the local groundwater. This finding differs from observations of the
behavior of REEs in many surface estuaries where REEs are removed to a large degree
from solution where river waters first mix with seawater. Geochemical modeling
indicates that REE release to solution in the mixing experiments is driven by increases in
pH, decreasing free metal ion activity, and the concomitant formation of strong, aqueous
REE dicarbonato complexes [i.e., Ln(COs3),]. Formation of REE dicarbonato complexes

accounts for progressively more of each REE as pH and salinity increases. These strong
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aqueous complexes outcompete adsorption for the REEs, and hence facilitate release of
REEs to the solution phase. Rare earth element release is also likely enabled by
competition from more abundant cations (e.g., Mg>*, Ca™) for solid phase surface sites as
salinity increases, which can displace sorbed REEs from suspended particles or colloids.
Estimates of REE fluxes to the coastal ocean via SGD (i.e., 1.3 — 2.6 mmol Nd
day™) are of similar magnitude to our recent estimates for SGD fluxes of REEs to the
Indian River Lagoon in Florida, and to Rhode Island Sound in the vicinity of the
Pettaquamscutt River estuary. Our investigation of the Kona Coast, in conjunction with
our previous studies of subterranean estuaries beneath the Indian River Lagoon and the
Pettaquamscutt River estuary, all indicate that SGD 1s an important source of REEs to the
coastal ocean. Moreover, our research, along with recent studies in Korean (Kim and
Kim, 2011, 2014), are consistent with SGD being an important, albeit, previously

unrecognized component of the global oceanic REE budget.
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Figure Captions

Figure 1. Map of the study site on the Big Island of Hawaii is shown in panel (a). Panel
(b) depicts the general setting of the portion of the Kona Coast investigated and includes
the location of the Hind well on Kiholo Bay and the groundwater wells in the Kaloko-
Honokohau National Historic Park. Panel (c) is a detailed map of the vicinity of the
Kaloko-Honokohau ‘National Historic Park showing the locations of the Honokohau
Harbor well, the three KAHO wells within the Park, and the location of where the coastal

seawater sample was collected.

Figure 2. Piper diagram for Kona Coast groundwaters and coastal seawater.

Groundwaters are largely Na-HCOj3 to Na-Cl waters.
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Figure 3. Shale-normalized REE patterns for groundwaters and the coastal seawater
sample collectd from the Kona Coast. Shown are the results for waters filtered through
0.45 pm (filled symbols) and through 0.02 pm (open symbols) filters, except for panel
(b), which shows duplicate samples from the KAHO 1 well. For each case, the symbol
and error bars represent the mean and relative standard deviation (RSD) for five replicate
analyses, and hence, show the instrument precision. The KAHO 1 analyses represent the
sampling and laboratory precision. Rare earth element concentrations measured in each
water sample are normalized to the Post Archean Australian Shale (PAAS) composite

(Nance and Taylor, 1976).

Figure 4. Shale-normalized REE patterns for Kono Coast groundwaters and coastal
seawaters compared to open-ocean North Pacific seawater. Panel (a) demonstrates the
nearly identical shale-normalized REE patterns of Kona groundwaters and seawater
samples. The chief exception is that the majority of groundwaters do not exhibit a large
positive Gd anomaly that evident in groundwater from the Honokohau Harbor well as
well as the coastal seawater sample. Panel (b) compares Kona Coast seawater with a
number of open-ocean seawater samples from various depths taken from Alibo and
Nozaki (1999). Although the North Pacific seawater samples were filtered through 0.04
um pore-size filters, Kona Coast seawater filtered through 0.02 pm has substantially

higher REE concentrations. See text for details.

Figure 5. Kona Coast groundwaters and coastal seawater normalized to the mean REE

content of twelve, alkali Hualali basalts from Hanano et al. (2010). Panels (a) and (b)
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present the basalt-normalized REE patterns of waters filtered through 0.45 pm and 0.02

um pore-size filters, respectively.

Figure 6. Results of the Honokohau Harbor mixing experiment for (a) Nd, (b) Gd, and (c)
Yb, plotted as a function of salinity. Each symbol shows the mean and the RSD for each
analysis. The dashed line depicts the hypothetic conservative mixing/dilution line

between Honokohau Harbor well groundwater and coastal seawater.

Figure 7. Results of the lava tube mixing experiment for (a) Nd, (b) Gd, and (c) Yb,
plotted as a function of salinity. Each symbol shows the mean and the RSD for each
analysis. The dashed line depicts the hypothetic conservative mixing/dilution line

between Hind well groundwater and coastal seawater.

Figure 8. Solution complexation model results for Kona Coast groundwaters and coastal
seawater, where Ln represents each of the individual REEs (i.e., lanthanides). Major ion

chemistry used for the modeling is presented in Table 2.

Figure 9. Results of solution complexation modeling for the Honokohau Harbor mixing
experiment (see electronic annex). Panel (a) presents the activity of the free metal ions.
[Ln3 *Ir, for La, Nd, Gd, Dy, and Yb as a function of salinity, whereas panels (b) and (c)
present the predicted speciation of Nd (a LREE) and Yb (a HREE) as a function of
salinity, respectively. Panels (b) and (c) only show aqueous species that are predicted to

account for 1% and greater of any of the REEs.
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Figure 10. Results of solution complexation modeling for the lava tube mixing
experiment (see electronic annex). Panel (a) presents the activity of the free metal ions.
[Ln3 *Ir, for La, Nd, Gd, Dy, and Yb as a function of salinity, whereas panels (b) and (c)
present the predicted speciation of Nd (a LREE) and Yb (a HREE) as a function of
salinity, respectively. Panels (b) and (c) only show aqueous species that are predicted to

account for at 0.1% and greater of any of the REEs.

Figure 11. Calculated Gd-normalized solution-surface partition coefficient (Dy,/Dga)” as

a function of salinity for the Honokohau Harbor mixing experiment.

Figure 12. Kona Coast groundwaters normalized to the Kona seawater sample. The
generally flat patterns with normalized ratios around unity emphasize the similarity of

these groundwaters and the coast seawater.

Figure 13. Analysis of the (a) Honokohau Harbor and (b) lava tube mixing experiments
for Nd as a function of salinity. Measured concentration data are show as open circles and
the hypothetical conservative mixing/dilution line is represented by the dashed line
(compare with Figs. 6a and 7a). Solid orange-brown curved line is the median loess fit to
the measured Nd concentration data and the orange-brown field represents the 95%
confidence interval for the loess fit. The solid blue straight line is the median tangent line
constructed from the seawater endmember back to the freshwater endmember (salinity of

zero) and the blue, triangle shaped field is the corresponding 95% confidence interval.
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1653

The resulting median y-intercept shown by the blue dot on the ordinate at zero salinity,

[Ln]
which is mathematically equal to [Ln]psgp + % ), and reflects the effective,
TSGD

freshwater (terrestrial) SGD concentration of Nd. See text for details.

73



Kona Coast Kiholo

o0 Ba
Hawaii N
Hind Well

Puu Waawaa

Molokai

,t\ Kona
¢~ Airport O Kalaoa

=S Kaloko_ + Hualalai
() ’.‘4
El o o7|:Honokohau
Wells

B2
won?

R EVETT (b) W % 15 Kilometers

Kaloko - Honokohahu
: National Historic Park

®°KAHO 1

Aimakapa
* Fishpond

Honokohahu A
Bay ‘
o, ’5 Honokohau '
PO kel s \
4. ¢ Honokohau
Harbor Well

Seawater —
Sample @ i

T -
S ,‘.‘ ¢ Kea‘a\(ehe
L andfil

a\a\‘e“e
Ke\N\NTP
3 Kilometers

Figure 1




Kona Coast
Seawater @

KAHO 2V

Honokohau
Harbor well
KA

@® Kona Coast Seawater
O Honokohau Harbor well
A KAHO 1

Vv KAHO 2

€ KAHO 3

X Hind well

Figure 2




PAAS-Normalized PAAS-Normalized

PAAS-Normalized

10®

10 |

a) Honokohau Harbor Well

—e— 0.45 um
—0— 0.02 um

d) KAHO Well 3

—— 0.45um
—0— 0.02 um

L 10-6

La Ce Pr Nd PmSm Eu Gd Tb Dy Ho Er Tm Yb Lu

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

10 -

T T T

T T T T T T T T T T T T

b) KAHO Well 1

—e— 0.45 um, KAHO 1
—v— 0.45 um, KAHO 1-D

e) Hind Well

—o— 0.45um
—0— 0.02 um

| | |

| | | | | | | | | | | |
T T T T T T T T T T T T T T T

La Ce Pr Nd PmSm Eu Gd Tb Dy Ho Er . Tm Yb Lu

+1 0-6

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

T T T T T T T T T T T T T T T

10 -

c) KAHO Well 2

—o— 0.45um
—0— 0.02 um

Figure 3

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

f) Coastal Seawater

—— 0.45um
—06— 0.02 um

+1 0-6

| | | | | | | | | | | | |

| |
T T T T T T T T T T T T T T T

La Ce Pr Nd PmSm Eu Gd Tb Dy Ho Er Tm Yb Lu

PAAS-Normalized PAAS-Normalized

PAAS-Normalized



Figure 4

PAAS-Normalized

PAAS-Normalized

10° 1

10° ¢

Kona Groundwater and
Coastal Seawater

—@— Honokohau Harbor well
v— KAHO 1 well

—m— KAHO 1-D well
©O— KAHO 2 well

—a&— KAHO 3 well

—@— Hind well

—&— Coastal Seawater

107

La Ce Pr

Nd Pm Sm Eu Gd Tb

Dy Ho Er Tm Yb Lu

10¢

107

108 ¢

1 b)

Kona Coast Seawater

599 m

1000 m
1502 m
1997 m
2500 m
2576 m

La Ce Pr

Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu




Kona Coast

10-5 1 T T T T T T T T T T T T T T T
1 a)0.45 pm filtered
<
Q
N
©
=
p S
o
<
T 106+
(1) 1
© J
m —@— Honokohau Harbor well| 1
T v KAHO 1 y
© —— KAHO 1-D
© ®— KAHO 2
:|=:’ —A— KAHO 3
—@— Hind well
—8%— Coastal Seawater
107 f f f f f f f f f f f f f f f
La Ce Pr Nd Pm Sm Eu Gd-Tb Dy Ho Er Tm Yb Lu
10-5 T T T T T T T T T T T T T T T T
1 b) 0.02 pum filtered
e)
Q
N
©
=
p <.
O
<
T 106 ¢
N I
©
[a1]
<
S
(1]
=)
I
107 } } } } } } } } } } } } } } }

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Figure 5



230 -
220 §
210 §
200 I
190 ¥

180 "

Nd (pmol kg™)

170 1
160 I

150 +

Honokohau Harbor Mixing Experiment

200 |
150 1

100 1

Gd (pmol kg™)

I(b)

Yb (pmol kg™)
N
o

@

Figure 6

10 20 30
Salinity

40



Lava Tube Mixing Experiment

240 1 T T T
201 @
200 §

0+ T TTTee—— s L

Nd (pmol kg™)

160 |

140 ) I 1

(a)

48 T T T T T T T T T T T T T T T T

=l

S SR

Gd (pmol kg™)

R R D - AE

24

Y r—

s i

2 21 % T~ ;
s 18 T : ;
8 % R ¢ ]
Q I I~~ ]
> 187 i T~ 1

0 10 20 30
Salinity

Figure 7

40



Percent Metal Percent Metal

Percent Metal

y KAHO 3
pH 6.76
1=0.528 m

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

T+ 100

T 80

T 60

1 40

T 20

i Hind Well
pH7.7
1=0.164

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

ez/./'/./H—n/l—l—"—"“H“" 1 100

T 80

T 60

1 40

T 20

T 100

- 80

T 60

100 1 a) ]
80 t .
60 | Honokohau Well |

pH 6.9
I=0.171m

40 1 ]

20 + .
0 *sf‘fﬁan‘EO#—o—o—o—o—o—
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

100 + b) 1
80 + .
60 + KAHO 1 -

pH 7.15
1=0.201 m

40 1 ]

20 + .
0 —%ﬁ‘—o—o—n—o—o—o—&&—t—o—
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

100 1 CWH_'_H 1
80 + .
60 + KAHO 2 .

pH 7.55
1=0.232 m

40 + E
20 + .
0 M

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Figure 8

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

: fW—""_""H

L —e— |n% ]
—vy— LnCO."

i —=— Ln(CO,), Coastal Seawater
—¢— LnHCO.* pH 8.03

_ e LncE 1=0745m

o— LnF*

—e— LnOH*

! —v— LnsO,* ]

r 40

- 20

Percent Metal Percent Metal

Percent Metal



10-13

10-14

10-15

10-16

Activity of Free Lanthanide lon

1017

100

80

60

40

Percent Metal

20

100

80

60

40

Percent Metal

20

Honokohau Harbor Mixing Experiment

0 5 10 15 20 25 30 35 40
Salinity
1(b) weseeo—o— ¢ & ¢ T 7
1 —o— Nd* ]
v NdCO3+
1 —a— Nd(CO,), ]
e NdCO," + Nd(CO,),
f\——o—o—o—owgm:#m=v=+’=v—o—o—+—w—o—o—+—¢.—o—k
0 5 10 15 20 25 30 35 40
Salinity
flo e e
1 P — Yb3+ ]
v YbCO3+
1 —m— Yb(CO,), ]
& YbCO," +Yb(CO,),
WVVVV
—H—oﬂ—o.m—z—o—om
0 5 10 15 20 25 30 35 40
Salinity



Lava Tube Mixing Experiment

1014 4

1015 4

1016 4

Activity of Free Lanthanide lon

1077 & :

0 5 10 15 20 25 30 35 40
Salinity

80 | 1
I
S wl e :
E-; —v— NdCO3+
5 40 + —a— Nd(CO,), ]
& —e— NdCO," + Nd(CO,),
20 1 (b) 1
0 5 10 15 20 25 30 35 40
Salinity
11&EESE & & & —0 G ]
80 1 ]
I
g 60 + Py Yb3+ R
‘§ v YbCO,"
& 40 | —a— Yb(CO,), ]
@ YbCO," +Yb(CO,),
2 1(c) ]
0 JH—MH—O—O—V-O—H—O—O—V-O—H—O—V-H—O—HW

0 5 10 15 20 25 30 35 40

Salinity

Figure 10



(DREE/DGd)-1

Figure 11

40 T—

30
25
20 |
15 1

1.0 +

0_5“::::

* Honokohau Harbor Mixing Experiment ]

Salinity



Groundwater/Kona Seawater

Figure 12

0.1

10 T

—@— Honokohau Harbor well
—@— Hind well
—v¥— KAHO 1
—wv— KAHO 1-D
—— KAHO 2
E- KAHO 3

La Ce Pr

Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu




ACCEPTED MANUSCRIPT

300

O data (with 95 percent error bars)
median desorption—dilution line
median loess fit
J
INdjrsco+ g
Qrsap
250 —
NI
o
~
©
IS
Z
o
=z
200 —
(a) HH Mixing Experiment
150 —
T T T 1
0 10 20 0 40
salinity
300
96%0’ &
S,
(o)
250 Z
. 9
IC) /(/1‘/
~
©°
IS
£
©
=z
200
- (b) Lava Tube Mixing Experiment 95% loess interval
T T T T 1
0 10 20 30 40
salinity

Figure 13



1654

1655
1656

Table 1. Location and sampling data for groundwater wells and seawater samples collected along the Kona Coast.

Latitude Longitude Elevation = Hole Depth  Well Depth Depth to Notes
(North) (West) (m) (m) (m) Water
(m)

Seawater 19°40'07.98" 156°01'58.80" 0 0 0 Surface ~ 0.62 km offshore
Honokohau Harbor Wel 19°40'06.60" 156°01'15.60" - - - 12.1 Outside harbor road
KAHO 1 Well 19°40'42.06" 156°01'19.99" 11.1 15.8 13.1 6.96 entrance
KAHO 2 Well 19°41'09.04" 156°01'25.01" 16.3 21 18.4 16.1 USGS, 8-4061-01
KAHO 3 Well 19°41'14.06" 156°01'44.99" 7.02 10.4 9.48 11 USGS, 8-4161-02
Hind Well 19°51'14.40" 155°55'22.80" - - - ~1.5 USGS, 8-4161-01

In collapsed lava tube
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Table 2. Chemistry of coastal groundwaters and seawater from the Kona Coast of
Hawaii. Major solutes, nutrients, and Fe and Mn concentrations are for the dissolved
fraction (< 0.45 um).

Coastal Honokohau

Seawater HarborWell KAHO 1 KAHO 2 KAHO3 Hind Well
pH 8.03 6.9 7.15 7.55 6.76 7.7
Temp. °C ~27 23.1 20.1 20.9 21.1 22.3
Cond.a 53.4 9.08 10.7 8.81 18.7 3.93
Salinityb 36.7 4.8 5.7 4.5 12.5 2
lonic Strengthe¢ 0.745 0.187 0.223 0.263 0.649 0.178
DOd - 83.4 173 197 154 252
DOe - 31.9 63 72.7 58.9 93.8
Eh (volts)f 0.744 0.804 0.794 0.771 0.817 0.763
SPMf 7.79 2.02 2.13 1.74 2.04 0.8
mmol kg1
Ca 6.5 1.22 1.26 1.1 1.91 0.76
Mg 54.5 8.21 11.2 8.17 15.4 4.34
Na 633 153 179 230 548 88.8
K 10.6 1.8 2.05 1.65 3.04 0.86
Cl 572 74.8 89.6 70.2 195 31.6
Alks 123 89.9 106 172 370 138
SO4 34.6 4.26 496 3.86 10.2 1.88
F 0.37 0.12 0.15 0.14 0.19 0.28
Br 0.99 0.14 0.15 0.11 0.3 0.05
umol kg!
NO3+ NO2 4.2 187 66.5 31.2 39.3 26.5
NH4 0.1 1.3 0.9 1.1 2.2 0.3
PO4 0.15 37.3 3.6 2.1 2.7 1.9
H4SiO4 28.4 376 389 392 311 432
DOC - 236 45 51.6 35.8 -
nmol kg1
Fe 11.6 11.3 ND 62.5 11.5 ND
Mn 1.2 0.6 7.9 11.6 2.1 6.4
auS cm-!
bComputed from Cl concentration using S (g kg-1) = 1.80655 x Cl (g kg-1).
cmoles kg-1
dumol kg-!

ePercent saturation

fSuspended particulate matter (mg L-1)
sAlkalinity estimated from charge balance and is reported as HCO3- (Willis and Johannesson,

2011).
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1668  fComputed based on dissolve oxygen concentration.
1669  ND =not detected.
1670
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1683

Table 3. Summary of published geochemical data for rivers and estuariesa.

Fe Mn DOC Nd Nd Removedb

River pH nmolkg! nmolkg! pmolkg?! pmolkg?! %
Mississippi

Upper 7.7 - 7.46 - - -

Mouth 7.8 - 12 -33 - 76.3 -
Connecticut 7.0 108 42 267 2475 56
St. Lawrence 8.0 1990 114 - 263 -
Mullica 4.6 60 62 - 2856 81
Delaware 7.5 9 9.4 217 180 70
Hudson 7.0 - - - 416 -
Great Whale 6.9 580 - 441 1158 66
Amazon

Mean 6.89 - 923 425 837 £ 259 93-95

< 0.2 pme 7.1 770 60 420 - =
Orinoco (< 0.2 um) 6.51 2500 124 452 2000 -
Congo 6.19 3400 - - 2465 -
Changjang 7.8 555 18 - 485 -
Fly 7.8 - - 267 180 87
Sepik 7.3 110 - 283 250 81
Gironde 7.3 140 60 258 263 68
Luce 4.5 140 43 749 367 73
Tamar Springs 7.25 35 17.3 - 257 65
Tamar Neaps 7.25 43 34 - 229 40

aData are compiled from a number of sources following the recent summary of Rousseau
etal. (2015) that reported all the data published to date for Nd in surface water estuaries.
Sources in addition to those cited by Rousseau et al. (2015) include: Sholkovitz and
Copland (1981), Goldstein andJacobsen (1988a), Elderfield et al. (1990), Fox (1990),
Sholkovitz (1992, 1993, 1995), Dupré et al. (1996), Kraepiel et al. (1997), Sholkovitz and
Szymczak (2000), Gaillardet et al. (2005), and Milliman and Farnsworth (2011).

bThe percent of dissolved river-borne Nd removed in the estuary as computed by
Rousseau et al. (2015).

cFiltrate passed through 0.2 pm pore-size filters
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1684Table 4. Rare earth element concentrations and relative standard deviation (in pmol kg-
16851) for coastal groundwaters and seawater from the Kona Coast of Hawaii. The relative
1686standard deviation is based on five replicate analyses of each sample. KAHO 1-D is a
1687duplicate sample from the KAHO 1 well.

Seawater =~ HH Well KAHO 1 KAHO 1-D KAHO 2 KAHO 3 Hind Well
(0.45pm) (0.45pm) (0.45pm) (0.45pm) (0.45pm) (0.45um) (0.45pum)
La 127 +£0.58 133+1.01 161+1.18 133+098 137+1.29 129+0.65 140+0.74
Ce 329+2.25 342+08 359+1.72 313+0.31 352+1.79 297+191 371%3.93
Pr 35.1+ 39.6 44.1+0.8 372+ 399+ 35.7+ 42.7 +
Nd 0.24 0.28 191+24 0.15 0.07 0.07 1.02
Sm 169+4.1 179+1.53 427+18 171+197 174+157 158+2.44 192+26
Eu 321+ 43.2 + 13.1+ 343 + 46.1 + 32.8% 40.3 £
Gd 1.15 0.35 0.16 0.56 1.91 0.69 1.35
Tb 7.02 + 13 +0.27 41.5+ 9.63 12.4 + 10.9 = 12.2 +
Dy 0.42 192 +2.77 1.26 0.05 0.17 0.19 0.29
Ho 43.2 6.45 * 6.57 = 36.7 = 39.4+13 357 41.2 =
Er 0.58 0.16 0.11 0.85 5.76 = 0.92 1.09
Tm 4.47 + 349+0.5 359+ 559+ 0.12 51+0.07 6.62%0.1
Yb 0.06 7.6 £0.15 0.53 0.04 326+ 29.4 + 36.5+
Lu 26.1+0.5 234+ 8.19 34+1.68 0.64 0.42 0.63
5.94 + 0.28 0.18 7.37 10.4 6.08+0.1 7.95 +
Ce/Ce* 0.47 337+ 248 + 0.12 0.06 20.4 0.06
Eu/Eu* 17.9 + 0.11 1.06 23.6+ 23.1+ 0.61 25.7
Gd/Gd* 0.85 22.7 = 3.55% 0.59 0.53 2.62 % 0.34
24+0.21 0.76 0.11 3.56 = 3.06 = 0.03 3.59 %
(Yb/Nd)sn 15.4 3.94 + 23+0.48 0.12 0.05 16.7 £ 0.6 0.16
1.26 0.08 421+ 21.2+ 20.1+ 292+ 22,7+
2.56 = 0.05 0.59 0.47 0.05 0.42
0.18 1.01 4.05 + 351+ 4.09 £
1.47 0.98 0.03 0.03 1.0 0.04
1.13 5.05 1.48 1.2
1.1 1.08 1.02 1.09 1.02 1.09
1.6 1.74 1.33 1.4 1.44
1.65 1.14 1.09 1.45 1.08
1.25
1.7 1.59 1.62
Seawater = HH Well KAHO 1 KAHO 1-D KAHO 2 KAHO 3 Hind Well
(0.02pm)  (0.02pm) (0.02pm) (0.02pm) (0.02pm) (0.02um) (0.02 um)
La 167 £0.62 146 +0.43 137+1.5 159+535 140+1.25
Ce 419+47 388+1.28 358+1.2 398+4.06 372+191
Pr 40.8 £ 41 +1.43 40.1 + 42 +0.93 41.4 +
Nd 0.83 192 + 4.04 0.12 194 + 6.7 0.77
Sm 191 + 6.64 384 + 182 +2.12 39.6 189 +2.96
Eu 37 +2.56 1.85 379+ 2.26 41.8+1.3
Gd 7.48 + 8.75+ 1.57 9.77 £ 9.65+0.3
Tb 0.48 0.21 10.7 = 1.03 38.7
Dy 383+ 216 +4.14 0.28 42.2 + 1.39
Ho 2.58 5.16 + 41.7 £ 2.05 6.04 +
Er 421+ 0.12 0.68 6.52 0.03
Tm 0.17 354+ 598 + 1.24 343+
Yb 293+ 2.36 0.22 355+ 1.13
Lu 2.32 7.61+ 334+ 2.19 7.58 +
578 + 0.11 1.56 7.63 0.22
Ce/Ce* 0.11 23+0.24 7.66 0.08 23.8+
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Eu/Eu* 16.8+0.5 316+ 0.08 23+1.14 0.73

Gd/Gd* 2.3+0.28 0.24 24+0.3 3.27 + 332+
14.2 + 241+ 3.24 + 0.04 0.08
(Yb/Nd)sx 1.07 0.79 0.22 203 + 215+
24+027  3.78% 21+0.59 1.18 0.87
0.32 3.79 + 3.65 + 3.93 +
1.17 0.21 0.09 0.11
1.09 1.15
1.4 1.16 111 1.12 117
6.84 1.36 1.17 1.15
1.41 1.2 1.13 1.1
1.87
1.58 1.43 1.6

1688Ce/Ce* = [Ce/(0.5La + 0.5Pr)]sn.

1689Eu/Eu* = [Eu/(0.67Sm + 0.33Tb)]sx.

1690Gd/Gd* = [Gd/(0.33Sm + 0.67Tb)]sx.

1691SN = Post Archean Australian Shale (PAAS) normalized (Nance and Taylor, 1976; Taylor and
1692McLennan, 1985).

1693

1694
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169Eable 5. Computed SGD fluxes of REEs using the results of the Honokohau Harbor mixing

169periment and assuming that the terrestrial SGD at Honokohau Harbor is 8600 m3 day-!

169Peterson et al.,, 2009).

HH Well ]LnTSGD [Ln]eff ]desorb ]LnTotSGD ]desorb
(pmol kg1) (umolday?!)2 (pmol kg1)be (umol day-1)bd (umol day-1)be (% of TotSGD)P
La 133 1144 201 (170,239) 585 (318, 912) 1729 (1462,  33.8(21.8,44.4)
Ce 342 2941 506 (433, 599) 1410 (783, 2055) 32.4 (21, 42.9)
Pr 19.6 167 52.8 (47.3,59.9) 2210) 4352 (3724, 25 (16.3, 33.9)
Nd 179 1539 256 (222,301) 114 (66.2, 175) 5151) 30.1 (19.4, 40.5)
Sm 43.2 372 56.3 (45.1,76.9) 662 (370,1049) 454 (407,515) 23.3 (4.42, 43.8)
Eu 13 112 14.1(13.4,18.6) 113 (17.2, 290) 2202 (1909, 7.8.(2.99, 30.1)
Gd 192 1651 236 (226,256)  9.46 (3.4, 48.2) 2589) 18.6 (15, 25)
Tb 6.45 55.5 9.65(7.47,15.6) 378(292,550)  484(389,661)  33.2(13.7,58.7)
Dy 34.9 300 50.7 (42.2,59.8) 27.5(8.77,78.7)  121(115,160) 312 (17.3,41.6)
Ho 7.6 65.4 103(8.7,12) 136 (62.8,214) 2030 (1944,  26.2 (12.6,36.7)
Er 23.4 201 30.8 (26.5,36.5) 23.2 (9.46, 37.8) 2202) 24 (11.7, 35.9)
Tm 3.37 29 442 (3.68,5.36) 63.3(267,113)  83(64.2,134)  23.8(8.42, 37.1)
Yb 22.7 195 32.5(27.3,38.6) 9.03(2.67,17.1) * 436(363,514)  30.2 (16.8,41.2)
Lu 3.94 33.9 5.07 (4.28,6.04) 84.3(39.6,137) 88.6(74.8,103) 22.3(7.94, 34.8)
9.72 (2.92, 7.94) 265 (228, 314)
38 (31.6, 46.1)
280 (235, 332)
43.6 (36.8,51.9)
1698 2[Ln]tsep x Qrsep, where [Ln]rsep is REE concentrations of Honokohau Harbor (i.e., HH) well (pmol kg-1)
1699 and Qrsep = 8600 m3 day-1, and TSGD indicates terrestrial submarine groundwater discharge (SGD).
1700 bMedian value, with lower and upper bounds in parentheses.
1701 cLeft-hand side of equation 10. Represents the y-intercept at salinity zero on Figs. 12, EA4 - EA17.
1702  dJingysep - Jinrsep, where TotSGD is the total SGD.
1703  e[Ln]eg x Qrsep, where Qrsep = 8600 m3 day-.
1704
1705
1706

17(0able 6. Computed SGD fluxes of REEs using the results of the Lava Tube mixing experiment and

17(8suming that the terrestrial SGD at Kiholo Bay is 6300 m3 day-! (Peterson et al., 2009).

Hlnd Well ]LnTSGD [Ln]eff ]desorb ]LnTotSGD ]desorb

(pmol kg1) (umolday1)2 (pmol kg1)be (umol day-1)bd (umol day-1)be (% of TotSGD)P
La 140 882 179 (161, 221) 246 (132,510) 1128 (1014, 21.8(13,36.7)
Ce 371 2337 467 (418,565) 605 (296, 1222) 1392) 20.6 (11.2, 34.3)
Pr 42.7 269 499 (45.2,59) 45.4 (15.8,103) 2942 (2633, 14.4 (5.53,27.6)
Nd 192 1210 230 (205,270) 239(81.9,491) 3560) 16.5 (6.34, 28.9)
Sm 40.3 254 46 (41.2,54.4) 35.9 (5.67,88.8) 314 (285, 372) 12.4 (2.18, 25.9)
Eu 12.2 76.9 12.7 (12,17) 3.15(-1.3,30.2)f 1449 (1292, 3.94 (-1.7, 28.2)f
Gd 41.2 260 48.8 (42.4,56.6) 47.9 (7.56,96.4) 1701) 15.6 (2.82,27.1)
Tb 6.62 41.7 7.16 (6.76,8.39) 3.4 (0.88,11.2) 290 (260, 343) 7.54 (2.07,21.1)
Dy 36.5 230 43.2 (39.2,51.3) 42.2(17,93.2) 80 (75.6,107) 15.5 (6.89, 28.8)
Ho 7.95 50.1 9.67 (8.63,12.3) 10.8(4.28, 27.4) 307 (267, 356) 17.8 (7.88, 35.5)
Er 25.7 162 29.3(26.8,35.2) 22.7(6.93,59.9) 45.1(42.6,52.9) 12.3 (4.1, 27)
Tm 3.59 22.6 4.53 (4,5.71)  5.92(2.58,13.4) 272 (247, 323) 20.8(10.3,37.1)
Yb 22.7 143 28.5(25.5,36.3) 36.5(17.6,85.7) 60.9 (54.4,77.5) 20.4 (11, 37.5)
Lu 4.09 25.8 4.74 (4.28,5.75) 4.1(1.2,10.5) 185 (169, 222) 13.7 (4.22,28.9)

28.5 (25.2, 36)
180 (161, 229)
29.9 (27,36.2)
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1709 2[Ln]tsep x Qrsep, where [Ln]rscp is REE concentrations of Hind well (pmol kg-1) and Qrsep = 6300 m3
1710 day, and TSGD indicates terrestrial submarine groundwater discharge (SGD).

1711 bMedian value, with lower and upper bounds in parentheses.

1712 cLeft-hand side of equation 10. Represents the y-intercept at salinity zero on Figs. 12, EA4 - EA17.
1713  dJinpgsep - Jinrsep, where TotSGD is the total SGD.

1714 e[Ln]eg x Qrscp, where Qrsgp = 6300 m3 day-L.

1715 fNegative sign indicates uptake from solution.

1716

1717

1718
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1719
1720
1721

Table A1l. Rare earth element concentrations (pmol kg-1) for the Honokohau Harbor (HH) well

mixing experiment as a function of pH, salinity, ionic strength (I, mol kg-1), and the Cl concentration

(mmol kg-1). Salinity (S) was computed from S (g kg1) = 1.80655 x ClI (g kg1).

0.45 pm HH Well Seawater
Salinity 4.8 5.3 6.2 7.3 8.3 9.4 11.3 148 199 257 319 36.7
pH 6.9 699 712 712 719 718 725 732 749 7.67 7.88° 8.03
mol kg1

I 0.17 0.18 0.2 0.22 024 026 029 036 046 057 0.69 0.78
mmol kg!

Cl 74.8 82 97 113 130 147 176 230 310 401 497 572
pmol kg1

La 133 128 142 155 159 169 148 148 164 153 126 127
Ce 342 329 374 405 414 420 376 386 418 391 318 329
Pr 39.6 38.2 426 452 457 417 393 428 431 41.7 348 351
Nd 179 173 197 214 216 199 193 202 211 200 159 169
Sm 43.2 378 43.7 431 437 393 391 399 457 399 299 321
Eu 13 123 107 108 11.2 898 853 11.1 911 898 9 7.02
Gd 192 185 196 195 183 187 170 152 132 101 53.7 432
Tb 6.45 6.13 6.79 636 7.5 692 534 617 7.8 568 495 447
Dy 34.9 342 362 383 388 355 344 373 373 352 249 261
Ho 7.6 7.24 802 784 851 764 759 774 787 7.72 5.4 5.94
Er 23.4 214 249 243 261 23 226 235 234 235 16 17.9
Tm 3.37 313 333 346 361 316 3.09 319 326 33 219 24
Yb 22.7 21.3 241 251 ° 26 224 229 227 23 22 149 154
Lu 3.94 364 392 383 414 362 359 365 374 346 236 256
Ce/Ce* 1.01 1.07 1.10¢ 1.11 111 115 1.13 1.11 1.14 112 1.1 1.13
Eu/Eu* 1.47 1.55 119 124 1.2 1.05 1.1 1.35 093 1.12 1.42 1.1
Gd/Gd* 5.05 523 495 518 431 438 524 421 298 297 189 1.6
(Yb/Nd)s 1.74 1.7 1.68 161 1.65 1.55 1.62 1.54 149 151 1.29 1.25
N

0.02 pm HH Well Seawater
Salinity 4.8 5.3 6.2 7.3 8.3 9.4 11.3 148 199 257 319 36.7
pmol kg1

La 146 143 176 182 151 156 156 151 141 153 137 167
Ce 388 377 435 486 397 399 403 402 369 376 326 419
Pr 41 404 461 519 412 425 418 425 38 384 331 408
Nd 192 194 212 228 200 204 196 199 179 171 146 191
Sm 38.4 41.7 447 478 415 438 409 415 373 34 30 37
Eu 8.75 872 9.05 171 886 102 9.02 928 871 7.1 6.03 7.48
Gd 216 201 210 186 207 193 170 163 50.1 91 58.1 383
Tb 5.16 522 734 9.7 577 613 705 595 591 376 344 4.21
Dy 35.4 361 381 441 366 391 372 369 311 287 242 293
Ho 7.61 8.08 843 9.27 824 865 793 815 671 612 507 578
Er 23 23.2 243 286 244 249 239 248 19 186 149 16.8
Tm 3.16 3.34 342 401 347 358 331 347 275 25 202 23
Yb 24.1 23.6 258 29 253 251 237 235 188 17.1 12.5 14.2
Lu 3.78 399 405 457 396 437 379 398 3.01 288 222 24
Ce/Ce* 1.15 1.14 111 115 115 112 1.15 1.15 1.16 1.13 1.11 1.17
Eu/Eu* 1.16 1.09 096 156 1.07 117 1.02 1.13 1.12 1.13 1.08 1.09
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1722
1723
1724
1725
1726

1727

1728

Gd/Gd* 6.84 6.15 498

(Yb/Nd)s 1.87 181 167

N

3.53

1.89

5.94

1.88

5.24

1.83

4.25

1.8

4.58

1.75

1.46

1.56

3.71

1.49

2.62

1.26

1.4

1.41

Ce/Ce* =[Ce/(0.5La + 0.5Pr)]sn.
Eu/Eu* = [Eu/(0.67Sm + 0.33Tb)]sn.
Gd/Gd* = [Gd/(0.33Sm + 0.67Tb)]sw.

SN = Post Archean Australian Shale (PAAS) normalized (Nance and Taylor, 1976; Taylor and

McLennan, 1985).
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1730
1731

Table A2. Rare earth element concentrations (pmol kg-1) for the Lava Tube (i.e., Hind well) mixing
experiment as a function of pH, salinity, ionic strength (I, mol kg-1), and the Cl concentration (mmol

kg1). Salinity (S) was computed from S (g kg1) = 1.80655 x Cl (g kg1).

0.45 pm Hind Seawater
Salinity Well 2.7 33 44 47 7.2 86 141 201 252 311 36.7
2
pH 7.7 7.78 7.78 7.73 772 778 78 7.84 7.89 792 796 8.03
mol kg1
I 0.1 0.11 0.13 0.146 0.15 0.2 023 034 045 0.55 0.67 -0.78
mmol kg!
Cl 31.6 426 516 686 726 113 135 220 313 392 484 572
pmol kg1
La 140 163 155 125 174 158 163 160 128 ~ 147 153 127
Ce 371 425 410 323 454 411 426 413 335 382 385 329
Pr 427 463 447 37 49.2 446 468 443379 39.8 40.6 35.1
Nd 192 221 213 165 226 206 213 204 165 184 183 169
Sm 40.3 433 418 369 456 41 443 411 346 372 39 32.1
Eu 12.2 11 9.73 10.7 109 993 9.6 987 109 835 885 7.02
Gd 41.2 447 443 364 46 434 462 444 366 375 371 432
Tb 6.62 64 6.03 593 6.61 6.13.632 6.13 553 515 535 447
Dy 36.5 408 372 313 402 37.7 385 376 315 308 321 26.1
Ho 795 9.1 826 643 8.67 852 863 78 649 6.88 737 594
Er 25.7 268 253 215 263 265 258 24 20.2 214 202 179
Tm 359 412 388 319 406 388 3.69 386 283 33 3.03 24
Yb 22.7 25.7 244 209 253 251 247 232 179 199 204 154
Lu 409 4.7 443 355 429 423 425 39 311 3.13 337 2.56
Ce/Ce* 1.09 112 1.13 ~1.09 112 112 112 112 11 115 112 1.13
Eu/Eu* 144 125 116 138 1.19 119 1.08 118 1.51 1.13 1.15 1.1
Gd/Gd* 1.08 1.18 123 106 117 1.2 122 123 14 121 114 1.6
(Yb/Nd)sn 1.62 159 157 1.73 154 168 159 155 149 149 1.53 1.25
0.02 um Hind Seawater
Salinity Well' 2.7 33 44 47 7.2 86 141 201 252 311 36.7
2
pmol kg1
La 140 140 154 139 145 167
Ce 372 366 390 368 369 419
Pr 414 409 44.2 40 40.2 40.8
Nd 189 186 197 183 180 191
Sm 41.8 369 40.1 37.8 37.2 37
Eu 9.65 9.54 10.5 9.94 9.6 7.48
Gd 38.7 38.7 41.3 38.6 38.6 38.3
Tb 6.04 5.89 6.06 5.87 6.11 4.21
Dy 343 328 36 33.5 32.1 29.3
Ho 7.58 7.29 7.87 7.33 7.02 5.78
Er 23.8 231 24.9 23.2 22.7 16.8
Tm 332 3.14 3.33 3.13 3.05 2.3
Yb 21.5 211 22.6 20.7 21 14.2
Lu 393 338 4.06 4.05 3.72 2.4
Ce/Ce* 1.17 11 1.08 1.13 1.11 1.17
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1732
1733
1734
1735
1736

1737

Eu/Eu* 1.15 1.24 1.28 1.28 1.22
Gd/Gd* 1.1 1.14 1.16 1.13 1.1

(Yb/Nd)sy 1.6 156 1.57 1.55 1.6

1.09
1.4

141

Ce/Ce* =[Ce/(0.5La + 0.5Pr)]sn.
Eu/Eu* = [Eu/(0.67Sm + 0.33Tb)]sn.
Gd/Gd* = [Gd/(0.33Sm + 0.67Tb)]sw.

SN = Post Archean Australian Shale (PAAS) normalized (Nance and Taylor, 1976; Taylor and

McLennan, 1985).
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