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Abstract

The interaction of biomolecules at the mineral-water inteface could have played a
prominent role in the emergence of more complex organic spes in life’'s origins.
Serpentinite-hosted hydrothermal vents may have acted as a safiie environment for this
process to occur, although little is known about biomoleculeineral interactions in this
system. We used batch adsorption experiments and surface cplexation modeling to
study the interaction of L-aspartate onto a thermodynamically stable product of
serpentinization, brucite [Mg(OH),], over a wide range of initial aspartate concentrations
at four ionic strengths governed by [M@'] and [Ca®"]. We observed that up to 1.0 pmol of
aspartate adsorbed per rfof brucite at pH~10.2 and low M@* concentrations (0.7x18 M),
but surface adsorption decreased at high Mg concentrations (5.8x13 M). At high Ca**
concentrations (4.0x1G M), aspartate surface adsorption doubled (to 2.0 pmoleif), with
Ca®" adsorption at 29.6 pmolsrif. We used the extended triple-layer model (ETLM) to
construct a quantitative thermodynamic model of the adsorptiordata. We proposed three
surface reactions involving the adsorption of aspartate (HAspand/or Ca?* onto brucite:

2>SOH + H + HAsp = >SOH,">SAsp + H.0,
>SOH + HAsp + C&* = >SO_Ca(HAsp)" + H',
and >SOH + C& + 2H,0 = >SOH,"_ Ca(OH), + H".

We used the ETLM to predict that brucite particle surface charge becomes more negative
with increasing [Mg?'], creating an unfavorable electrostatic environment for a negativgt
charged aspartate molecule to adsorb. In contrast, our addition foCa®* to the system
resulted in C&* adsorption and development of positive surface charge. Our pdiction of
surface speciation of aspartate on brucite with Cd revealed that the calcium-aspartate
complex is the predominant surface aspartate species, whigluggests that the increase in
aspartate adsorption with C&" is primarily driven by calcium adsorption. The cooperative
effect of C&" and the inhibitive effect of M¢f* on aspartate adsorption onto brucite indicate
that serpentinite-hosted hydrothermal fluids provide an idal environment for these
interactions to take place.
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1. Introduction

The origin of life on early Earth was a geochemical sequehemergent steps involving
increasing complexity (Hazen, 2005). Among the first of these sigssthe synthesis of
prebiotic organic molecules in the midst of the Archean atmospbezan, and lithologies. The
emergence of simple molecules such as amino acids ands suggr have occurred under a
variety of plausible Archean environments (Ponnamperuma and Pering, 18&61eD and
Pashley, 1989; Hennet et al., 1992; Holm and Andersson, 2005; Jalbout et al., |[2&0&s @t
al., 2008; Kim et al., 2011). Far less is known about the selection, ntoateen, and self-
organization of these biomolecules into macromolecular systems from dilutessluti

Mineral surfaces may provide the means by which simple biomlekself-organize.
The mineral-water interface is known to concentrate biomolethilesgh adsorption (Jonsson
et al., 2009; Jonsson et al., 2010; Cleaves et al., 2012). Mineral surfecese significantly
with shifts in pH owing to surface protonation reactions. Accordingiyneral surfaces may
have potentially played a key role in the origin of life, wheréty mineral-water interface
provided sites for the selection, concentration, and self-organizatiorbiarholecules
(Goldschmidt, 1952; Hazen, 2006; Cleaves et al., 2012).

Hydrothermal vent systems have been discussed as plausiblenemefits for the origin
of life by providing templates for macromolecular assemblyd&aand Hoffman, 1985; Shock
and Canovas, 2010; Sleep et al., 2011). The disequilibria established hyg nit,
hydrothermal fluids (<350 °C) with the overlying cold seawatelC)2niay drive the formation
of some prebiotic molecules (Shock and Schulte, 1998; Shock and Canovas, 20H@reAtdi
type of hydrothermal system known as the Lost City hydrothefieldl was discovered off the

Mid-Ocean Ridge Axis (Kelley et al., 2001). The Lost City hydeomal field belongs to a class
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of hydrothermal systems that undergo serpentinization, which invdlveshydration of
magnesium-rich olivine to serpentine and ferro-brucite (Bach.e@06), according to the
reaction:

Mg1.8F& 2SiO4 + 3H0 = M2 8€.155105(0OH)4 + Mgo. 756 25 OH)2 (1)

Serpentinite-hosted hydrothermal vents such as the Lost Citpthgdmal field release
fluids that contain up to 19xTOM and 4x1CG° M of H, and CH, respectively (Kelley et al.,
2005; Proskurowski et al., 2006). The mixing of these hydrothermal fhitdsseawater creates
a strong redox gradient that may facilitate the formation ebiptic molecules (Holm et al.,
2006; Shock and Canovas, 2010). Furthermore, greenstone sequences discotereduat
Formation (3.8 Ga) and the Pilbara Formation (3.5 Ga) suggest thmnseite-hosted
hydrothermal activity may have been present on early Earth €Ryet al., 1988; Van
Kranendonk et al., 2007; Shibuya et al., 2010). These localities andetbenpe of Archean
komatiites provide evidence that the oceanic crust on early Wadhmore ultramafic compared
to today's mafic, basalt-hosted seafloor (Herzberg et al., 2018; Kfanendonk, 2010).
Depending on the prevalence of the ultramafic host rock, serpgertimsted hydrothermal fields
may have been prolific on the Archean seafloor prior to the genee of the first cellular
lifeform at 3.48 Ga (Noffke et al. 2013).

Ferro-brucite [Mg7F&25{OH),)] is a thermodynamically stable mineral of the
serpentinization reaction in Eq. (1). The ferrous iron in ferro-brecitgrols the amount of dq)
produced in the hydrothermal field as magnetite is subsequently precipitated:

(Mg,Feg)(OH), 2> (MgxFe).3)(OH), + ZFQO4 + ZHp(aq) + 22HO 2
As this reaction proceeds to the right, the amountgf;Hlowing through the system becomes

limited, and the brucite in the serpentinite-hosted hydrothermldl dipproaches the magnesium
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endmember (Bach et al., 2006; McCollom and Bach, 2009). Holm and cowdke6 @012)
have suggested that magnesium plays a role in stabilizing prebiotizcolecules such as
proteins and nucleic acids. As the primary constituent of brucitenesagn may promote the
formation of more complex molecules at the mineral-waterfaterwithin a serpentinite-hosted
hydrothermal system.

Previous studies of brucite surface chemistry have focused qoretspitation and
dissolution kinetics (Hostetler, 1963; Schott, 1981; Jordan and Ramm&a8Sée,Pokrovsky
and Schott, 2004; Pokrovsky et al., 2005; Kudoh et al., 2006). Nevertheless, f@g stugi on
the adsorption of organic species onto the brucite surface over a ande of conditions.
Pokrovsky and coworkers (2005) have studied the effect of oxalatgecitycine, xylose, and
catechol on brucite dissolution and precipitation. These biomoleculeseafferucite dissolution
at concentrations greater than 1XM and at neutral to weakly alkaline pH conditions. Citrate
adsorbed in amounts as high as 0.4 pmoeand it and the other biomolecules may have
attached onto the brucite surface as an inner-sphere species (Rplabsak, 2005). Pokrovsky
and coworkers (2005) also observed that concentrations of at least Mx@a(" increase the
brucite dissolution rate at pH= 4.9, and they assumed that caldigimh aalsorb onto brucite as a
bidentate or monodentate mononuclear surface species.

In this investigation, we characterized the adsorption of the amwibL-aspartate
(C4H7NO,) onto powdered brucite. Aspartate is a polar amino acid with thotenation sites:
two carboxyl groups and one amine group. Hennet and coworkers (1992) syulespartate
under mineral-buffered, simulated hydrothermal conditions. The adsogbtespartate has been
previously well-characterized on rutile (Giacomelli et al., 199%ddick-Lanzilotta and

McQuillan, 2000; Jonsson et al., 2010), calcite (Hazen et al., 2001), kadlkiisan et al.,
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2004), and alumina (Greiner et al., 2014). However, there are no studies adsorption of
aspartate on brucite under the effect of variable divalent catimtentration, molecular
concentration, and/or pH conditions.

The aim of this study is to evaluate the potential role thaerais within serpentinite-
hosted hydrothermal fields play in concentrating and selectinggpieeiolecules from a dilute
aqueous environment. In this framework, we characterized the eximossible importance of
this interaction with a combination of batch adsorption experimengs &C and 1 bar and
surface complexation modeling. Furthermore, we investigated fingtethat common dissolved
ions, including M§" and C&’, have on the interaction between aspartate and the brucite-water
interface so that we may predict mineral surface reactionplausible prebiotic aqueous

environments.

2. Materials and Methods
2.1.Brucite Synthesis

We synthesized a microcrystalline brucite powder with aipitation method previously
reported by Henrist and coworkers (2003) and Lu and coworkers (2004). /2 M2cm
Milli-Q water (Millipore), we prepared a 2.0 M Mgg£hkolution (99.99 % Alfa Aesar dry
ampoules under Ar gas) and a solution containing 2.0 MQ¥H(Sigma-Aldrich, 25 wt. %
solution). We added the MgCtiropwise to the NFDH solution at a rate of approximately 2.5
mLemin™ using a graduated buret while we kept the latter solution vigoraished at a
constant temperature of 45 + 3 °C. Lu and colleagues (2004) have propogkd pratipitation
reaction

MgCl, + 2NH,OH = Mg(OH), + 2NH,CI A3)



161  occurred during the addition of MgCio NH,OH. After brucite precipitated, we set the sealed
162  reaction vessel aside to cool at room temperature for 3 dag/sh®kbughly washed the soluble
163  NH4CI byproduct from the precipitate with Milli-Q water. We théned the precipitate on a
164  Corning PC-420D hot plate at 135 °C for 1 hour.

165

166  2.1.1 Hydrothermal Treatment

167 Henrist and coworkers (2003) and Lu and colleagues (2004) observed that the
168  crystallinity and morphology of synthetic brucite improved whenas wealed with water in a
169 reaction vessel heated above 100 °C over an extended period of timearkiéel out a
170  hydrothermal aging treatment on our synthetic brucite by seafingqueous suspension of the
171  synthetic brucite in Milli-Q water within a PTFE-lined sti@ss steel reaction vessel (Col-Int-
172  Tech). We heated the precipitate in a furnace at 150 °C for 3ataysfter cooling the brucite-
173  water solution to room temperature, we dried the powder at 135 °Cawititplate. We then
174  stored the hydrothermally-treated brucite powder in a glassinder an Ar gas atmosphere at
175  room temperature.

176 SEM imaging (JEOL 8500F) revealed that the untreated brucgeaherystal habit
177  characterized by rosettes of rough, circular, and oblong platdtégs {a), whereas the
178  hydrothermally-treated brucite is distinguished by clustedarokllar, hexagonal platelets (Fig.
179  1b). Additionally, the powder XRD (Bruker D2 Phaser) pattern ofhiydrothermally-treated
180 brucite demonstrates higher intensity peaks in the case ofti@il¢001) and reduced intensity
181  for the (100), (101) and (111) reflections (Fig. 2). This pattern is stemsiwith powder XRD
182  patterns collected under ambient conditions that have been architrezl laternational Centre

183 for Diffraction Data (http://icdd.com). Our SEM and powder XRD obstgons may be
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interpreted as evidence that the hydrothermal treatment prexieasced the crystallinity in the

basal direction by reducing terraces and kink sites and improving hexagonal morphology.

2.2. Brucite Specific Surface Area

We characterized the surface area of the synthetic brooweler with the multi-point
BET N, adsorption method (Micromeritics, Norcross, GA, USA) to obtain eifspsurface area
of 17.6 + 0.1 rfeg™*. A high proportion of this measured surface area most likelysept® the
prominent (001) basal surface, although the distribution between thé dvak lateral (edge)
surfaces cannot be determined with the classigayd$ adsorption method. This distinction is
important because previous adsorption studies involving mineral susiatiés to brucite, such
as gibbsite, geothite, illite, and kaolinite, conclude that onlyatexdl surfaces are active in the
protonation and deprotonation reactions that lead to surface adsorptitot @erél., 2003;
Sayed-Hassan et al., 2006; Liu et al., 2013). If the lateral sarfaearily adsorb aspartate, it is
necessary to determine the surface area specific to these edgessurface

We assayed the edge-specific surface area (ESA) ovittptessure Ar gas adsorption at
the Laboratoire Interdisciplinaire des Environnements Continentaaxd®uvre les Nancy,
France). Consistent basal- and edge-specific surface @sraspreviously obtained with this
technique for several lamellar minerals including talc, kaelinilite, lamellar silica, saponite,
and smectite clays (Villiéras et al., 2002; Michot and Vilke2002; Eypert-Blaison et al., 2002;
Tournassat et al., 2003; Sayed-Hassan et al., 2005; Sayed-Hastar2@d6; Perronnet et al.,
2007). Other types of minerals have also been investigatedhistmethod, including goethite,
anatase, and manganese dioxide (Prélot et al., 2003; Stevanoljc26tL@; Ali Ahmad et al.,

2012).
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We determined a total surface area of 19.8 + 0%gmwith low-pressure Ar gas
adsorption, which is comparable to the BET determined hyal (17.6 + 0.1 fsg™). Using the
methods detailed in previous studies (Villiéras et al., 1992; &4Hi€t al., 1997; Villiéras et al.,
2002; Tournassat et al., 2003; Sayed-Hassan et al., 2006), we have ddti@ia89.5 % of the
surface area can be represented by basal brucite surfacesasvi@r5 % are represented by
lateral brucite surfaces (see Appendix A). We adopted a badfate area of 15.7%g™* and a
lateral surface area of 1.9%g™ by assuming that the total surface area was 17:'mWe
tested these surface areas by deriving the brucite paitticleness (t) and length (I) with the

equations

= — 4)
and

t= — (5)

wherep is the density of brucite (2.39 genand $and $ are the lateral and basal surface
areas, respectively. We calculated an average brucite ptagthlof 0.9 um and thickness of 53
nm, which were consistent with the dimensions we observed with SEM (I= 0.1 to 1 um and t= 30
to 50 nm, see Fig. 1b). We therefore consider ¥®@jito accurately represent the ESA of the

lateral surface of our brucite sample.

2.3. Batch Adsorption Experiments

In a single batch sample, we added between 2 and 300 pM aspanate + 0.5 gel!
brucite in a 15 mL sterile Falcon tube. The pH of each sample (@01B.8 without added
MgCl,) was strongly buffered by the brucite powder. We studied four istiengths that

resulted from the dissolution of Mgfrom brucite and our addition of either Mg@r CaC} to
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the aqueous phase. We conducted low~Mpigh-Md*, low-C&”, and high-C& experiments,
which we describe in Table 1.

We conducted preliminary adsorption experiments over multiple peabdisne and
determined that aspartate adsorption on brucite reaches a statyvithin 16 hours. In this
study, we placed the batch samples on a test tube rotator at 40 rpm (25 + 1 °C, 1 bar) fig 22 hou
to ensure that the brucite-aspartate suspensions had reachety ststiea We then measured the
pH of the brucite-aspartate suspensions with a combination gkssode (Thermo-Electron
Orion 8103BNUWP) that we calibrated prior to the experiment witiThstandardized buffers
that referred to pH values of 4, 7, and 10 (Fischer Scientificjvé\ebtained pH measurements,
we flushed each sample with Ar gas to avoid contamination by \W® centrifuged the samples
for 10 minutes with a relative centrifugal force of 107Bgeach sample, we then separated the
liquid supernatant from the solid brucite.

We analyzed the concentration of the aspartaté; iy C&" in the supernatant with ion
chromatography (IC). We used a Dionex ICS-5000 DP dual pump sysfaipped with an
AminoPacl10 column, lonPac CS12A column, and Chromeleon 6.8 software (Dionex
Corporation, Sunnyvale, CA, USA). We analyzed the samples incaétgland determined the
mean concentration of aspartate remaining in the liquid supernaitim +1 standard error
(oM). It was necessary to analyze the aspartate samplesplicate because we initially
determined that low amounts of aspartate adsorbed onto the brucitees@i®d %), and
collecting data in triplicate better constrained accuraparéete adsorption values. It was not
necessary for us to analyze?Cadsorption data in triplicate because we initially observed that
C&* adsorbed onto brucite in large amounts (>10 %), and we calculatedIthstandard

deviation 6) was equal to about 8 % of the adsorption values. From the analgincantrations

10



253  we determined the surface adsorptidhgd pmolemi®) of aspartate or Gaon brucite, according

254 to

[Xlo—[X]e
255 Fads = ﬁ (6)

256 in which [X]o is the initial concentration of aspartate orzte{X]eq is the concentration of
257  aspartate or Garemaining in the liquid supernatant; i€ the solid concentration, and s the
258 edge-specific surface area of brucite. We repgidas an isotherm as a function of {X]

259

260  2.4. Surface Complexation Modeling Approach

261 We modeled the data from our batch adsorption experiments withtigveded triple-
262 layer model or ETLM (Sverjensky and Sahai, 1996; Sahai and Sverjel@8y; Sverjensky,
263  2003; Sverjensky, 2005; Sverjensky and Fukushi, 2006). Unlike other solid-ivtgeiace
264 models, the ETLM includes the electrical work resulting fromrétease of water dipoles during
265 inner-sphere adsorption. We iteratively thite adsorption data in a manner described in
266  previous studies (Bahri et al, 2011; Jonsson et al, 2009) and obtained reaction
267  stoichiometries that represent our best fit to the adsorption data. When it has been
268 possible to test such surface complexation modeling with spectroscopy and quantum
269  chemical modeling (Parikh et al, 2011; Lee et al, 2012), there has been excellent
270  agreement as to the nature of the adsorbed species. We carried out calculations for the ETLM
271  with the computer code GEOSURF (Sahai and Sverjensky, 1998)stWeated a pH,= 10.5
272  from measurements of the pH after only aspartate or watdvdeadadded to brucite during our
273  batch adsorption experiments. We previously calculated speciatidionsaimvolving agueous
274  aspartate and found them to be consistent with those determined withiqrogdric titrations

275 (De Robertis et al., 1991; Jonsson et al., 2010). We obtained both protonatielecrulyte

11



276  adsorption parameters for the brucite surface from a regresssomface titration data measured
277 by Pokrovsky and Schott (2004). As illustrated by Fig. 3, we fit tdas® with the ETLM using
278 parameters that were derived from a constant capacitance n@deb00 pFecrif), where
279  pHpze= 11.0, site density () 10 sitesend, and BET surface area §& 9.2 nfeg’ were
280 reported for the titration study at 1.040 NaCl and 1.0 M NaCl. We recalculated the
281 protonation and electrolyte adsorption parameters for our estimaied, pateral A, and N
282  using the methods detailed by Sverjensky (2003; 2005). These paraanetdisplayed in Table
283 2.

284 Site densities can be estimated from the number of broken bondssatfdee, and these
285 estimations are usually consistent with measurements byntriexchange experiments
286  (Koretsky et al., 1998). Accordingly, we calculated site denditieghe lateral brucite surfaces
287  (100), (010), (110), and (111) by examining the broken bonds of each idealizex suith the
288 program CrystalMaker (Palmer, 2009). We estimated a minimum pesstbl density of 9.7
289  sitesennf and a maximum possible site density of 20.0 site$«(Fable 3). However, to fit both
290 the C&'and aspartate adsorption data we observed for the |6iva@d high-C& experiments,
291  we required a site density of 38 sitesshrithis value is greater than what we estimated for the
292 idealized surfaces, but it is consistent with site densiti¢in@®ed (40.8 sitesen) and
293  measured (36 siteserithon periclase [MgO], a mineral that is structurally samto brucite and
294 may well be covered by a thin layer of brucite in water (Asdie et al., 1965; Koretsky et al.,
295  1998). We can also use our measurements of aspartate dheédSarption to estimate site
296  density (e.g., 1.0 pmolsf= 0.6 sitesenf). However, due to possible intermolecular forces
297  between surface species, it may be unlikely that everyeastie within one nfawould interact

298  with C&" or aspartate. It may also be possible that surface imperfsgirimarily caused by the

12
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dissolution of M§" from brucite in the aqueous phase explain why it is necessang to adopt
a higher site density. Our estimated site density of 38 sitésconld be tested by future
adsorption studies involving a variety of chemically different ions as probhe stitface.

With the parameters we established in Table 2, we carriedterative fits of the
adsorption data to establish the stoichiometry of surface reatti@insould account for the data.
We collected surface adsorption data at four ionic strengthsdifferent dissolved ions present
and a variable pH range; thus, we thoroughly tested our surfaceec@tiph model to permit
the selection of a unique set of surface reactions that studbegsedict the adsorption of

aspartate and €5onto brucite.

3. Results and Discussion
3.1. Aspartate Adsorption onto Brucite at Low’f@oncentrations

The adsorption isotherm in Fig. 4 shows the surface adsorption ofaispartbrucite as
a function of the remaining aspartate concentration in the aqueous (phsgl,) when low
concentrations of Mg dissolved from the surface. We report all aspartate adsorptiorindata
Table 4. Aspartate surface adsorptibgyd at a pH of 10.3 + 0.1 increased steadily as a function
of [Asples The error in Fig. 4 is +bm of eachI'ygsand [Asplq value. Aspartate surface
adsorption was between 8.454@nd 1.0 pmolsfi. This range of 44s corresponds to 16.4 to
3.6 % of the initial aspartate added, where the percentage obaedsaspartate decreases with
increasing ags As a consequence, the reported error substantially increasd$étnd [Asplg

As previously discussed, we assumed that only the lateratdosufaces were active in
adsorption reactions; however, we were unable to distinguish whether vifasr one lateral

surface that more predominantly adsorbed aspartate. Our logstiphic examination of the

13



322 idealized lateral surfaces (100), (110), (111), and (010) revealed twetdistminations on the
323 three-coordinated brucite hydroxyl group: a geminal site (>MggDwith two bonds broken
324 and a bridging site (>*MgOH) with a single bond broken at the sufdeecould not determine
325 whether aspartate attached at a geminal or bridging reaitenvith the ETLM because our
326  proposed surface reactions in Table 2 resulted in the same amelsdtatal work at both sites.
327 Therefore to avoid ambiguity, we display surface reactions ooguat the (100) brucite plane
328 as an example surface only, and henceforth regard the neutral brucite sffs80©H".

329 We used the ETLM to carry out a series of iterative caioms to establish possible
330 surface reactions for the aspartate. We proposed a surfackorreagpresented by the
331  stoichiometry

332 2>SOH + H + HAsp = >SOH"™>SAsp + H,0O (7)
333  This reaction resulted in a close fit to the adsorption data, wéhalytical uncertainties, as
334 llustrated by Fig. 4. We subsequently interpreted this surteaetion as involving a bidentate
335 mononuclear, or “leaning” configuration with two points of attachnfene that is hydrogen-
336 bonded and one that is inner-sphere) onto the brucite surface. A posBiiteasic illustration of
337 the “leaning” surface species is shown in Fig. 5. Pokrovsky and coworkers (28®6patluded
338 that it was likely that biomolecules attached onto brucite thramgimner-sphere attachment.
339 Our observed range of aspartate adsorption on the brucite swgfegesistent with the citrate
340 adsorption (0.4 pmolsif) measurements by Pokrovsky and colleagues (2005). Furthermore, we
341  previously measured similar amounts of aspartate adsorption (kmifaan rutile [Ti0s], and
342 our calculations with the ETLM also predicted an inner-spheechatient of the aspartate
343  molecule at the mineral-water interface (Jonsson et al., 2010).

344 The reaction in Eg. (7) corresponds to the equilibrium constant

14
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FAYr;

10 2:303RT (8)

0 _ 3550HF>sAsp~3>H20
>SOH}>SAsp~ —

*K

a%550H aHAsp— A+
where the superscript “*” indicates the reaction is expressativeeto the >SOH surface, and “0”
refers to a hypothetical 1.0 molal standard state (Sverjensky,.ZD@8)valueAy,, represents
the electrical work involved in Eq. (7). The electrical work ulels a contribution from the
movement of water dipoles off the brucite surface accordingyto-nu.o(yo- yp), where Rqo
are the number of water molecules on the right-hand side of asgae In Eq. (7), ko= 1,

which resulted im\y;; = yo-yp.

3.2. Aspartate Adsorption onto Brucite at High®@oncentrations
When brucite is immersed in water, the surface dissolves in agselti®n according
to
Mg(OH), + 2H" = Mg®* + 2H,0 (9)

where the equilibrium constant of Eq. (9) is

logK = aZZgH (10)

HT

We calculated equilibrium constants of logk=17.3 + 0.01 and logK= 17030& for batch
experiments in which we added only water or agueous aspartate tisesgpeto our synthetic
brucite powder. These equilibrium constants are consistent with PokrarsikySchott’s
measured value of logk=17.6 + 0.5 for a ground, natural sample ofert¢é calculated the
steady-state activity ratio from the activity coefficieot Mg®* with GEOSURF and our
measured pH values from the batch adsorption experiments. We obgetvéte activity ratio
in Eg. (10) did not change as a function of pH (Fig. 6). Therefore sauaraed that brucite was
in equilibrium with the aqueous phase during our batch adsorption experithénigite was in

equilibrium with the aqueous phase, we estimated that our additiorgGl,Nb an aspartate
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batch experiment would decrease solution pH while maintaining thébegm constant. We
therefore calculated the activity ratio with data from théftg®* experiment. As we predicted,
pH decreased (pH= 9.9 + 0.1), and the average activity ratagifl 17.2 + 0.04 was consistent
within the range of uncertainty of the logK we calculated for the lovf*Mgperiment.

The adsorption isotherm in Fig. 7 shows aspartate adsorption on tautiigh Mg"
concentrations along with data from the low¥gxperiment. We had no indication from our IC
analysis that the Mg&lwve added adsorbed onto the brucite surface. Aspartate adsorption at hig
Mg?* concentrations was between 1.7%18nd 0.6 pmoleM. In comparison with adsorption
data we obtained under low Kfgconcentrationd; .qsdecreased by a factor of about 1.5.

Using the ETLM and the surface reaction proposed in Eq. (7), we fgedidsorption of
aspartate for the high-M{ data at pH= 9.9. As shown in Fig. 8, there is close agreement
between the curve predicted by the “leaning” aspartate spioi@ Eq. (7) and our data at two
distinct M¢f* concentrations. This fit lends support to our use of the surface reaction in Eq. (7).

We also tested and dismissed dozens of other surface reacttonthevETLM. For
instance, we considered the reaction stoichiometry

3>SOH + HAsp+ H' = 2(>S)>SOHAsp + 25D (11)
which resulted in an excellent fit to the adsorption data at l@f’ Moncentrations. However,
this reaction also predicted substantially higher amounts of aspadsorption (up to 3.5
pumolem?) at high M@* concentrations. This strong disagreement with the experimentaledat
us to dismiss this surface reaction. Through this process dhation, we determined that only
the surface reaction in Eq. (11) could predict aspartate adsorption at bidtbdvgentrations.

According to the reaction in Eq. (7), Aspttaches onto brucite. However, when the pH

decreased from 10.2 in the low-Kigexperiment to 9.9 in the high-Ngexperiment, the
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abundance of the doubly-deprotonated aspartate species (pKa=10.01) deicréhseaqueous

phase. Therefore, the decrease in pH may have caused a decrease in aspaptad@.adsor

3.3. Aspartate Adsorption onto Brucite in the Presence &f Ca

The adsorption isotherms in Fig. 8 illustrate aspartate adsorptitm brucite in the
presence of low and high €aconcentrations. The low-&aand high-C&" experiments were
conducted at a pH of 10.2 £ 0.02 and 10.2 + 0.05, respectively. We observeuirfaae
adsorption increased with €aconcentration, wherg,gswas between 4.3xF0and 1.8 pmolem
for the low-C&" experiment and between 0.1 and 2.1 pmdlfon the high-C&" experiment.
The range oflags in the high-C&" experiment corresponded to between 56.4 and 17.1 %
aspartate adsorption, respectively.

Aspartate surface adsorption was significantly greaténdérpresence of Gacompared
with the low-Md* experiment (see Fig. 4). In particular, when aspartate adsorbedrotte at
high C&" concentrationsI a4 increased two-fold. In addition to this increase in aspartate
adsorption, we observed that a significant amount f @dsorbed onto brucite as illustrated in
Fig. 9. The amount of Gasurface adsorption averaged 21.6 + 1.8 pmol¢41.8 %) for the
low-C&* experiment and 29.6 + 2.3 pmolénil4.4 %) for the high-C& experiment. We report
all calcium adsorption data in Table 5.

We developed a model of the surface adsorption of aspartate ahdbyCieratively
fitting the adsorption data. We discovered that in addition to the surdaction in Eq. (7), two
surface reactions involving Eawere needed to fit the experimental data. The first surface
reaction involved the formation of a calciuaspartate complex

>SOH + HAsp+ C&* = >SO_CaHAsf + H* (12)
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that may attach as a monodentate outer-sphere species on. macithi and colleagues (2003)
observed enhanced adsorption of nucleic acids on the clay minerals ontotite and
kaolinite in the presence of &€a The authors suggested a configuration involving calcium-
nucleic acid complexes where the’Cimn would act as a “bridge” between the nucleic acid and
the clay-water interface (Franchi et al., 2003). We estuinatesimilar configuration of our
predicted calcium-aspartate species at the brucite sunfia€egi 10a. We proposed that the
calcium-aspartate species adsorbs in addition to the “leanipgittate species (Fig. 5). The

equilibrium constant of the surface reaction in Eq. (12) is

a - +a,+ FAYr,1;
SO~ _(HA H
*K0>so- Ca(HAsp)* — Pt 10 2303RT (13)
- p A>SOH AHAsp~ Agg2+

where the valu@wy, 12 = -yo + .
The second reaction we proposed required the adsorption of a hydrated calcium complex
>SOH + C&" + 2H,0 = >SOH*_ Ca(OH) + H' (14)
that can be interpreted as a monodentate outer-sphere surfaes sigetiustrated in Fig. 10b.

The equilibrium constant of the surface reaction in Eq. (14) is

a + ag+ FAUr 14
>SOHJ _Ca(OH),%H '
"Ksoms Ca(OH), — 22082 10 2303RT (15)
2- 2 a>S0H Ac,a2+3[,0

whereAvy; 14= yo.
Our proposed species differs from the prediction by Pokrovsky and coworkers (2@05) tha
Cd&" may be attaching onto brucite as a monodentate or bidentate jiveee-sspecies. We
tested surface reactions containing these species with th&l.ERbwever, they failed to
adequately fit the GAand aspartate adsorption data. For example, the reaction stoichiometry
>SOH + C4" + H,0 = >SOHCaOH + H' (16a)

which we can alternatively express as
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>SOH + C&" + H,O = >SCaOH' + H' (16b)
might result in a monodentate inner-sphere calcium species htutiee surface. This reaction
underestimated the amount of‘Cadsorption for the high-Eaexperiment by approximately
5.7 pmolen?. Furthermore, the addition of this surface reaction in combinationBeh (7) and
(12) suppressed the amount of aspartate adsorption to less than 0.1 firablewth C&'
concentrations. We therefore could not consider Eq. (16) as a suidatenaepresenting a
adsorption onto brucite.

We combined the surface reactions in Egs. (7), (12), and (14) tbefiaspartate
adsorption data at low and high“Caoncentrations (Fig. 9). The calculated curve for the low-
C&* experimental data fit within analytical uncertainty. Althougtoverall agreement with the
isotherm shape, the curve calculated at higtf €ancentrations is a bit low compared with all of
the data points except for the highest surface coverage, but is considtehevdata within +2.5
oM, or approximately 7 % uncertainty.

We predicted curves for €aadsorption as a function of initial aspartate concentration,
[Asplo. As shown in Fig. 9, there are two data points from the high-&eeriment that are
elevated above the predicted curve. However, we determined thatettege predicted surface
adsorption of C4 was 28.1 pmolefA, which is well within the analytical uncertainty of the
average experimental surface adsorpib8a*, 29.6 + 2.3 umolsfi. Therefore, our prediction
of C&* surface adsorption is in acceptable agreement with the dégated| at low and high
C&" concentrations. We thus regard the surface reactions proposed. {¥)E@K2), and (14) as
sufficiently characterizing the aspartate-brucite antf-Baucite adsorption systems with respect
to different ionic strengths, pH conditions, divalent cation concentsathimial initial aspartate

concentrations.
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3.4. Prediction of Brucite Particle SurfaGharge

The significant increase in aspartate adsorption withi @ad its decrease with MgCl
addition suggest that the particle surface charge of brucitedh#étative to the experimental
conditions we investigated (Table 1). We therefore calculategahicle surface charge by
predicting the(-potential of the brucite surface with the ETLM as a functiopAsp], for each
type of batch experiment. In these calculations, we assumetthéfapotential was equal to the
potential at the start of the diffuse laydf) in the ETLM. As shown in Fig. 11, we predicted
that {-potential was neutral to slightly negative for the low?Mgxperiment, and it decreased
with increasing [M§']. This could be a result of decreased pH with added Mg@iich may
directly affect the brucite surface charge. Moreover, we did narebsMd* adsorption on
brucite, although we added MgQb the system. In Eqg. (7), we also predicted the doubly-
deprotonated aspartate molecule, Aspdsorbed onto brucite. A decrease in surface particle
charge could create an unfavorable electrostatic environment fidr tAsadsorb onto brucite,
which reflects our observation of decreased aspartate adsorptioaddied MgGl In Fig. 11,
we modeled a reversal of tiepotential with C4". This calculation of positive particle surface
charge reflects the ETLM reactions in Eqgs. (12) and (14) wdeoeum adsorbs onto the brucite
surface resulting in a net positive surface charge.

The cooperative calcium-aspartate complex, CaHAs@y have enabled the aspartate
molecule to adsorb in greater amounts. We predicted the distributitime afvo adsorbing
aspartate species in Egs. (7) and (12) with the ETLM at both low and Hijhdbaentrations as
a function of [Asp} in Fig. 12. At both C& concentrations, we observed that the calcium-

aspartate outer-sphere species overwhelmingly predominateszashvery little of the surface
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adsorption can be represented by the “leaning” aspartate specissreshit may provide
evidence that the formation of a calcium-aspartate complex enhances the anlsdrpspartate.

We predicted that a calcium-aspartate surface species frthe brucite-water interface
(Eq. 12). We predicted the distribution of agueous aspartate spedieaithiae represented by
calcium-aspartate complexes (Fig. 13), and we determined that 8.8 % and 6.5 % of
aqueous aspartate species are represented by CaiAlsigh C&" and low C4&" concentrations,
respectively. This prediction indicates that the calcium-aspasi@ieous complex could easily
form during our batch adsorption experiments. Whereas Capsmominates in aqueous
solution, CaHAsp does not exceed 0.5 % at low*Caoncentrations and 2 % at high’Ca
concentrations. Nevertheless, we predicted that the CaHi&eies predominates as a surface
species, which illustrates the tendency for the mineral-waterface to adsorb organic species
that may not always predominate in bulk water (Geiger, 2009; Malin et al., 2009).

It is possible that because aspartate is a polar, negathalgedd amino acid, it may
readily form a cooperative complex with calcium that leadadwantageous surface adsorption
on brucite. A similar amino acid, such as glutamagH{O,), may also form a complex with
C&* and follow a similar pattern of increased surface adsorptiorewisie, C&" may not
strongly bond to a positively-charged amino acid, such as lysygit f2;0,), and competitively
adsorb with the amino acid on the brucite surface. Wheth&r iBay either cooperatively or
competitively affect the surface adsorption of a particular bieoudé onto brucite is worth

future investigation.

3.5. Prediction of Aspartate Adsorption in Lost City Fluids
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504 We propose that an ideal natural environment for aspartate to adsorbrocite would
505 have elevated concentrations of “Caand little or no MG present. Serpentinite-hosted
506 hydrothermal systems provide such an environment with brucite and pastsi®fybiomolecules
507 such as aspartate (Kelley et al., 2001; Shock and Canovas, 2010). atellepworkers (2002)
508 report that vent fluids at the Lost City hydrothermal field haigh concentrations of &a
509  (23.3x10° M) relative to a 0 M M§" endmember composition over a pH range between 9.0 and
510 9.8. We invoked the surface reactions in Egs. (7), (12), and (14) with foe iova (N&, CI,
511 C&" and SQ) concentrations reported by Kelley and coworkers (2002) to préwicsurface
512  adsorption of aspartate on brucite in Lost City vent fluids at 25ntClabar. We predicted
513 surface adsorption at pH values of 9.8 and 10.2. We found that surfacetiadsstgadily
514 increases with a decrease in pH. For instance, we predictesutfate adsorption at a pH of 9.8
515 is approximately double the adsorption at a pH of 10.2 at a wide (arg@20 uM) of aspartate
516 concentrations. Although some of the aspartate concentrations in ouwtipredimight exceed
517  prebiotically-plausible concentrations of amino acids at hydrotheveratls, our model could
518 possibly predict changes in amino acid adsorption as pH fluctuatascassequence of an
519 evolving hydrothermal system.

520 Our predictions for aspartate adsorption in the presence of th€itpyent fluids are at
521 ambient conditions. However, it is possible that the ETLM prediction&ddoe extrapolated to
522 higher temperatures in future studies if experiments are comductder more plausible
523 hydrothermal temperatures and pressures. It also may be thaflweéstin a Lost City—type
524  hydrothermal field may mix with cold seawater to approximatbiant temperatures. This low-

2+

525 temperature environment may hold an ideafM4g?* ratio that could promote favorable

526  aspartate adsorption onto brucite. Therefore, the results we botiveaxbserd predicted in this
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study appear to be highly relevant for natural serpentinite-hbythdthermal systems. Within
this plausible prebiotic environment we have observed a cooperativeesadsarption effect
between CH and aspartate on brucite. Our combination of batch adsorption data @k surf
complexation modeling contributes to a fundamental understanding of thefrtdhe brucite-

water interface in the emergence of complex biochemistry and the geoahengin of life.
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Table

Table 1. Description of the low-M§ high-M¢*, low-C&*, and high-C& experiments.
Dissolved M@" concentrations from brucite are present in each experimedtlitioa to added
MgCl, and CaGl. All concentrations are expressed in mol/L.

Experiment Dissolved Mc*” Added MgCl, Added CaCl, lonic Strength
Low-Mg?®* 0.7x10° N/A N/A 2.1x10°
High-Mg** 0.6x10° 5.2x10° N/A 17.4x10°
Low-C&* 0.9x10° N/A 1.0x10° 5.8x10°
High-C&* 1.0x10° N/A 4.0x10° 15.2x10°




Table 2. Aqueous aspartate propeffieharacteristics of brucheand ETLM parameters for
proton, electrolyte, and aspartate surface adsorption.

Reaction Type Reaction log K
Aqueous aspartate equilibria  Asp H = HAsp 10.01
HAsp + H" = HAsp 3.88
H,Asp + H = HsAsp" 1.92
HAsp + CI + 2H" = H;AspCl 5.3
HAsp + Na = NaHAsp -0.3
HAsp + Na = NaAsp + H -9.6
HAsp + C&* + H' = CatpAsp™ -4.43
HAsp + C&* = CaHAsp 1.43
HAsp + C&" = CaAsp + H -7.49
Surface equilibria Hypothetical 1.0 m standardestat
logK? >SOH + H = >SOH" 9.60
logK9 >SO + H' = >SOH 11.40
log KR+ >SOH + Nd = >SO_Na' + H' -9.00
log*Kgl— >SOH + Cl+ H'=>SOH,"_CI 11.80
1og*KgSOH2+>S Asp- 2>SOH + H + HAsp = >SOH"™>SAsp + H,0 16.08
108"K2 50 catiasp* >SOH + C&" + HAsp = >SO_CaHAsp + H' -3.73
108"KS st caom, >SOH + C4" + 2H,0 = >SOH’_Ca(OH) +H"  -5.20
Surface equilibria Site-occupancy standard states
1°gK250H;>5A5p— 2>SOH" + HAsp = >SOH"™>SAsp + H,0 + H' 18.80
108K2 50 cattasp* >S0 + C&" + HAsp = >SO_CaHAsp -5.34
10gK9>50H,+_Ca(omz >SOH," + C&" + 2H,0 = >SOH' Ca(OH) + H*  -3.87

2Protonation constants and electrolyte ion pair wonts from (De Robertis et al., 1991; Jonsson.e2all0)

® Brucite properties are N 38 sitesenmi, A= 1.9 nfeg?, C,= 190 pFecnf, C= 190 pFecnf, pHepz= 10.5,
ApK®=2.08, logk1= 9.46, logK,= 11.54, logK nz+= -9.14 lodc-= 11.66

¢ Equilibrium constants relative to site occupantgndard states can be written relative to chargethce sites

calculated using the equatioring‘iSOH;>SAsp_ = log*K‘;SOH;>SASp_ + 10g(NACY/100 ;108K 50 capasp+ =

108"K3 50 canasp+* 109(NAY/L00 ; 1°gKgsoyz+_Ca(0H)2 =108"K sous cacomy, + I09(NAJ/100, where Nis site
density, A is BET edge surface ared«gi", and G is solid concentration gst.



Table 3. A summary of site densities calculated from idedllateral brucite surfaces using the
estimation procedures described by Koretsky and coworkers (1998 wheoken bond at a
surface is considered one site per unit area. We estimategplensite densities for every
possible termination of the surfaces (100), (010), (110), and (111).

Surface N, (Broken Bonds, sitesenrif)
(100) 20.0

134

20.0

(010) 20.0
13.4
20.0

(110) 15.4
11.6

(111) 12.9
12.9
9.7




Table 4a. Aspartate surface adsorption data observed for the 16vaid high-Mg* batch
experiments.

Batch Experiment [Asp]ag (UM) I s (MMOlem™®) % Ads
Low Mg™* 45 0.03 10.2
17.6 0.14 12.9
37.3 0.16 7.8
45.8 0.24 9.0
70.0 0.28 7.4
110.7 0.52 8.3
134.7 0.85 10.8
188.2 0.70 6.7
1.9 0.01 3.6
8.5 0.08 16.4
27.3 0.15 11.6
52.1 0.43 13.8
77.4 0.43 9.8
87.4 0.40 8.5
99.2 0.57 10.3
277.4 1.00 8.1
High Mg® 4.8 0.02 4.0
9.8 0.02 4.5
18.3 0.09 9.4
46.1 0.20 8.1
70.4 0.23 6.1
95.0 0.34 6.6
144.5 0.42 3.8
190.4 0.52 5.0
53.6 0.28 9.5
36.4 0.16 7.7
28.1 0.08 5.5
238.4 0.63 4.3
116.0 0.19 25
79.8 0.27 5.4




Table 4b. Aspartate surface adsorption data observed for the fdwa@a@ high-C& batch
experiments.

Batch Experiment [Asp]ag(UM) I ags (LMolem?) % Ads
Low Ca”* 217.2 1.77 13.6
127.2 1.20 15.3

84.6 0.76 14.9

61.1 0.71 18.8

40.4 0.48 19.3

20.3 0.25 18.8

7.9 0.11 21.5

4.2 0.04 17.3

High Ca®" 90.4 1.50 24.8
208.0 2.10 17.1

115.9 1.73 22.8

73.2 1.36 26.6

51.9 1.19 30.9

33.6 0.86 32.8

13.4 0.59 46.4

4.4 0.29 56.4

2.4 0.13 52.7




Table 5. C& surface adsorption data observed for the lo&-@ad high-C&' batch experiments.

Batch Experiment [Ca®"] (UM) I s (LMolem?) % Ads
Low Ca® 614.1 21.88 20.7
591.2 23.25 42.9
605.0 22.21 41.6
586.2 22.32 43.4
597.4 21.75 42.3
622.9 21.66 39.8
597.3 22.80 42.3
601.7 21.65 41.9
High ca* 3416.5 31.75 15.6
3519.4 26.04 13.1
3479.0 28.83 14.1
3411.7 32.59 15.7
3451.2 30.59 14.8
3473.5 30.24 14.2
3482.4 28.94 14.0
3505.0 28.05 134
3453.3 29.79 14.7




Figure

Fig. 1. SEM image of synthetic brucite (a) before hydrothermal treatment where oblong platelets are clustered in rosettes and (b) after
hydrothermal treatment where platelets are hexagonal and in lamellar clusters (scale= 1 uM).




Fig. 2. Synthetic brucite powder XRD patterns, both untreated (blue) and hydrothermally treated (black). (hkl) reflections are indexed
by the red symbols.
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Fig. 3. Surface titration data for brucite at 25 °C determined by Pokrovsky and Schott (2004) as function of solution pH at 1.0 M NaCl
(red) and 1.0 x10 M NaCl (blug). Dashed curves are modeled fits to the experimental data using the ETLM and the initial parameters
logKy= 10.0, logK,= 12.0, logK "na'= -9.6, logK ¢-= -12.2, As= 9.2 m?.g™*, and N= 10 sitessnm™.
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Fig. 4. Adsorption of aspartate on brucite as a function of aspartate concentration remaining in solution for the low-Mg?* experiments. .
Dashed curve represents the modeled fit to the experimental data calculated with the parameters in Table 2. Symbols represent
experimental data that are the average of a triplicate run and horizontal and vertical error bars are +1 standard error from the average.
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Fig. 5. Possible representation of the surface species predicted by surface complexation calculations using the parameters in Table 2
where aspartate attaches onto brucite as bidentate mononuclear, or “leaning” species. Red spheres represent oxygen, yellow spheres
are magnesium, tan spheres are hydrogen, black spheres are carbon, and pale blue spheres are nitrogen atoms.




Fig. 6. Equilibrium constant for Eg. (10), or Iog(aMgz+/aH+)2, as a function of solution pH for low-Mg?", water, and high-Mg*
experiments. The vertical error bars are +1 standard deviation of each dataset.
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Fig. 7. Adsorption of aspartate onto brucite as a function of aspartate concentration remaining in solution for the low-Mg** (red) and
high-Mg?®* (blue) experiments. Dashed curves represent the modeled fits to the experimental data calculated with the parameters in
Table 2. Symbols represent experimental data that are the average of a triplicate run and horizontal and vertical error bars are 1
standard error from the average
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Fig. 8. Adsorption of aspartate onto brucite as a function of aspartate concentration remaining in solution for the low-Ca?* (purple) and
high-Ca**(green) experiments. Dashed curves represent the modeled fits to the experimental data calculated with the parameters in
Table 2. Symbols represent experimental data that are the average of a triplicate run and horizontal and vertical error bars are 1
standard error from the average.
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Fig. 9. Adsorption of Ca** onto brucite as a function of initial aspartate concentration determined for the low-Ca?* (purple) and high-
Ca®* (green) experiments. Dashed curves represent the modeled fits to the experimental data calculated with the parameters in Table 2.
Symbols represent experimental data and vertical error bars represent an error of 8 %.
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Fig. 10. Possible representation of surface species predicted by surface complexation calculations using the parameters in Table 2. (a)
Attachment of a calcium-aspartate complex to the (100) surface forming a monodentate outer-sphere species through an electrostatic
interaction between a surface oxygen atom and the calcium atom. (b) Attachment of a hydrated calcium molecule to the brucite
surface forming a monodentate outer-sphere species. Red spheres represent oxygen, yellow spheres are magnesium, tan spheres are
hydrogen, large light blue spheres are calcium, small pale blue spheres are nitrogen and black spheres are carbon atoms.
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Fig. 11. {-potential (mv), or particle surface charge, predicted by surface complexation modeling with the parameters in Table 2 as a
function of initial aspartate concentration for the low-Mg* (red), high-Mg®* (blue), low-Ca* (purple), and high-Ca** (green)
experiments.
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Fig. 12. The predicted surface speciation of aspartate on brucite as a function of initial aspartate concentration for the (a) low-Ca* and
(b) high-Ca* experiments. The “leaning” and outer-sphere species refer to Fig. 5 and Fig. 10a and reaction stoichiometries in Egs. (7)
and (11), respectively. Dashed curves represent the individual species and the solid curve represents the total aspartate adsorption.
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Fig. 13. The predicted distribution (%) of the aspartate aqueous species that can be represented by calcium-aspartate complexes,
including CaH.Asp?*, CaHAsp", and CaAsp® as a function of initial aspartate concentration in the presence for the a) low-Ca®*and b)
high-Ca®* experiments.
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Fig. 14. Predicted aspartate surface adsorption on brucite as a function of aspartate concentration remaining in solution in the presence
of Lost City-type fluids at 25 °C and 1 bar. Aspartate surface adsorption is calculated with the parameters in Table 2 in the presence of
[Na"]=0.49 M, [CI]= 0.55 M, [Ca*"]= 23.3x10 M, and [SO4*]= 12.9x10° M at a pH of 9.8 (Kelley et al., 2002) and a pH of 10.2.
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