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ABSTRACT	24	

The	influence	of	sediments	on	the	determination	of	SGD	by	using	Ra	isotopes	was	25	

investigated	in	the	Port	of	Maó	(Balearic	Islands,	NW	Mediterranean).	This	natural	26	

harbor	was	selected	because	SGD	occurs	all	along	its	southern	boundary	and	it	is	27	

covered	by	fine-grained	sediments	that	are	frequently	resuspended	due	to	vessel	28	

maneuvering.	Comprehensive	seasonal	Ra	mass	balances	were	constructed	for	the	29	

waters	of	the	Port	of	Maó	using	both	short-	(224Ra)	and	long-	(228Ra)	lived	Ra	isotopes.	30	

SGD	flows	to	the	Port	of	Maó	obtained	by	using	228Ra	revealed	a	seasonal	pattern,	31	

likely	dominated	by	the	recharge	cycle,	with	maximum	SGD	rates	during	the	wet	32	

seasons	((180	±	100)·103	m3·d-1	in	fall)	and	minimum	flows	during	summer	((56	±	33	

35)·103	m3·d-1).	The	results	also	showed	that	the	Ra	flux	from	bottom	sediments,	34	

through	diffusion	and	due	to	releases	associated	to	resuspension	events,	represented	35	

a	significant	source	of	Ra	to	the	harbor	waters.	This	sedimentary	source	accounted	36	

for	a	major	fraction	of	the	224Ra	supplied	to	the	system	(30	-	90%,	depending	on	the	37	

season),	whereas	the	sediment	influence	on	the	228Ra	mass	balance	was	significantly	38	

lower	(10	-	40%)	due	to	its	slower	production	rate.	These	findings	suggested	that	39	

attributing	Ra	inputs	to	the	water	column	solely	to	SGD	in	systems	covered	by	fine-40	

grained	sediments	and/or	affected	by	processes	that	favor	Ra	exchange	across	the	41	

sediment-water	interface	might	not	be	accurate,	requiring	a	detailed	evaluation	of	the	42	

sediment	sources.	The	inputs	from	sediments	are	often	difficult	to	quantify,	but	using	43	

long-lived	Ra	isotopes	to	estimate	the	SGD	flow	may	minimize	the	effect	of	a	poor	44	

characterization	of	the	sediment	source.		45	

	46	

KEYWORDS:	Radium	isotopes,	Submarine	Groundwater	Discharge,	Sediments,	47	
Mediterranean	Sea	 	48	
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	53	

1.	INTRODUCTION	54	

Submarine	Groundwater	Discharge	(SGD)	is	the	flow	of	water	through	continental	55	

margins	from	the	seabed	to	the	coastal	ocean,	with	scale	lengths	of	meters	to	56	

kilometers,	which	is	composed	of	fresh	meteoric	groundwater	and	former	seawater	57	

recirculating	through	permeable	sediments	(Burnett	et	al.,	2003;	Moore,	2010).	Some	58	

studies	have	shown	that	SGD	is	a	relevant	source	of	terrestrial	compounds	to	the	59	

coastal	ocean,	including	nutrients	(Slomp	and	Van	Cappellen,	2004),	trace	metals	60	

(Windom	et	al.,	2006),	dissolved	inorganic	carbon	(Cai	et	al.,	2003)	or	natural	61	

radionuclides	(Garcia-Orellana	et	al.,	2013).	The	magnitude	of	SGD	into	coastal	waters	62	

is	commonly	determined	by	using	natural	tracers,	such	as	the	naturally	occurring	Ra	63	

isotopes	(224Ra	(T1/2	=	3.66	d),	223Ra	(T1/2	=	11.4	d),	228Ra	(T1/2	=	5.75	y)	and	226Ra	64	

(T1/2	=	1600	y)).	Ra	isotopes	have	been	successfully	used	as	tracers	of	SGD	in	a	wide	65	

variety	of	systems,	mainly	because	they	behave	conservatively	in	seawater,	they	are	66	

highly	enriched	in	SGD	relative	to	coastal	seawater	and	their	half-lives	vary	in	a	wide	67	

range,	allowing	tracing	processes	at	different	time-scales	and	quantifying	multiple	68	

sources	of	SGD	(e.g.	Charette	et	al.,	2001;	Moore	et	al.,	2008;	Rama	and	Moore,	1996).	69	

All	the	approaches	used	to	estimate	SGD	by	using	Ra	isotopes	depend	on	the	70	

evaluation	of	the	Ra	flux	supplied	by	SGD,	which	requires	accurately	constraining	all	71	

the	Ra	sources	other	than	SGD	(e.g.	releases	from	sediments,	riverine	discharge).		72	

	73	

Seafloor	sediments	may	be	a	continuous	source	of	Ra	isotopes	to	the	water	column	74	

through	diffusion,	erosion	or	resuspension,	but	also	through	short-scale	recirculation	75	

processes	(mm	to	cm),	such	as	topography-induced	advection,	wave	pumping,	ripple	76	

migration,	shear	or	bioirrigation	(Breier	et	al.,	2009;	Garcia-Orellana	et	al.,	2014;	77	
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Rama	and	Moore,	1996;	Santos	et	al.,	2012).	Most	studies	involving	Ra	isotopes	as	78	

tracers	of	SGD	have	shown	that	inputs	of	Ra	from	seafloor	sediments	are	often	small	79	

in	relation	to	the	SGD	source	term	(Beck	et	al.,	2007;	Charette	et	al.,	2003;	Garcia-80	

Solsona	et	al.,	2008b;	Rama	and	Moore,	1996;	Rodellas	et	al.,	2012).	Conversely,	81	

recent	studies	in	shallow	embayments	with	fine-grained	sediments	and/or	affected	82	

by	processes	that	favor	Ra	exchange	across	the	sediment-water	interface	(e.g.	83	

bioirrigation,	resuspension,	hypoxia)	have	demonstrated	that	the	sedimentary	source	84	

can	supply	a	relevant	flux	of	Ra	isotopes,	which	may	be	comparable	to	SGD-derived	85	

Ra	inputs	(Breier	et	al.,	2010,	2009;	Colbert	and	Hammond,	2008;	Garcia-Orellana	et	86	

al.,	2014;	Gleeson	et	al.,	2013).	The	relevance	of	the	sedimentary	source	may	be	87	

particularly	important	for	short-lived	Ra	isotopes	(223Ra	and	224Ra),	since	their	fast	88	

regeneration	time	within	the	surficial	sediments	allows	its	almost-continuous	release	89	

to	the	water	column.	Therefore,	attributing	Ra	inputs	to	the	water	column	solely	to	90	

SGD	may	not	always	be	well	justified,	requiring	a	detailed	evaluation	of	the	91	

sedimentary	source.	92	

	93	

The	natural	harbor	of	Maó	(Minorca,	Balearic	Islands,	NW	Mediterranean)	is	an	ideal	94	

setting	to	assess	the	potential	contribution	of	sediments	on	a	Ra	mass	balance	to	95	

estimate	SGD,	since:	i)	there	are	evidences	of	fresh	groundwater	inflowing	along	its	96	

southern	shore;	and	ii)	it	is	covered	by	fine-grained	sediments	that	are	subjected	to	97	

frequent	resuspension	events	provoked	by	maritime	traffic	of	deep	draft	vessels	98	

(Garcia-Orellana	et	al.,	2011),	potentially	representing	a	relevant	mechanism	to	99	

introduce	Ra	isotopes	to	the	water	column.	We	constructed	seasonal	comprehensive	100	

Ra	mass	balances	for	the	waters	of	the	Port	of	Maó,	using	both	short-	and	long-lived	101	
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Ra	isotopes	(224Ra	and	228Ra,	respectively),	considering	the	differences	among	Ra	102	

isotopes	and	the	potential	seasonal	variability	of	the	Ra	sources.		 	103	
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2.	METHODS	104	

2.1.	Field	site	105	

The	Port	of	Maó	(Fig.	1)	is	a	semi-enclosed	embayment	with	restricted	exchange	with	106	

the	open	sea,	as	a	consequence	of	its	elongated	shape	(5	km	length	and	a	maximum	107	

width	of	0.8	km)	and	its	shallow	mouth	(13	m).	Indeed,	the	whole	harbor	is	a	shallow	108	

water	body	with	depths	lower	than	10	m	in	the	inner	part	and	a	maximum	water	109	

column	depth	of	29	m	in	the	central	part	of	the	harbor.		110	

	111	

The	Port	of	Maó	is	located	in	the	middle	of	a	fault	that	divides	the	island	in	two	112	

geomorphological	settings:	an	impermeable	northern	sector	of	Mesozoic	rocks	and	a	113	

broad	permeable	Miocene	limestone	platform	that	constitutes	the	main	aquifer	to	the	114	

south	(Fornós	et	al.,	2004).	This	aquifer,	named	Migjorn,	supplies	most	of	the	total	115	

extracted	water	from	the	island	(~11·106	m3	yr-1),	mainly	for	tourism	and	agriculture	116	

purposes	(Garcia-Solsona	et	al.,	2010a).	The	aquifer	permeability	increases	towards	117	

the	coastline	as	a	consequence	of	a	major	karstic	development	that	results	in	direct	or	118	

diffuse	groundwater	discharge	to	the	sea	(Fayas,	1972).	Due	to	this	hydrogeological	119	

division,	most	of	the	groundwater	inputs	into	the	harbor	are	located	on	the	southern	120	

shoreline.	Indeed,	several	natural	wells	and	springs	exist	along	the	southern	area	of	121	

the	harbor,	and	groundwater	springs	inflowing	directly	to	the	harbor	can	be	visually	122	

identified.	Aside	from	groundwater	discharge,	freshwater	inputs	are	restricted	to	the	123	

discharge	of	a	small	stream	in	the	inner	harbor,	named	Torrent	des	Gorg,	and	runoff	124	

from	eventual	precipitation	events	from	the	northern	shore	and	the	towns	of	Maó	and	125	

Es	Castell.	The	average	annual	rainfall	is	about	600	mm,	with	dry	summers	and	126	

maxima	in	spring	and	autumn.		127	

	128	
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The	Port	of	Maó	has	been	subjected	to	continuous	urban	and	industrial	dumps	from	129	

the	city	of	Maó	and	the	industries	settled	around	the	harbor.	This	has	led,	for	130	

instance,	to	a	progressive	contamination	of	seafloor	sediments	with	metals	(Ag,	Cd,	131	

Cu,	Ni,	Pb,	among	others;	Garcia-Orellana	et	al.,	2011).	It	is	also	an	important	touristic	132	

destination,	and	cruises	and	large	vessels	frequently	circulate	along	the	harbor,	133	

especially	during	the	summer	season.	Since	most	of	these	vessels	have	drafts	between	134	

6	to	9	m	and	given	the	shallowness	of	the	harbor	(the	transit	channel	is	10-14	m	135	

deep),	propellers	of	large	vessels	frequently	resuspend	significant	amounts	of	136	

sediments,	particularly	when	maneuvering	to	dock,	favoring	the	release	of	137	

contaminants	from	the	sediments	to	the	water	column	(Garcia-Orellana	et	al.,	2011).	138	

	139	

2.2.	Sample	collection	140	

Four	seasonal	surveys	(July	2010,	October	2010,	March	2011	and	June	2011)	were	141	

conducted	at	the	Port	of	Maó.	15	stations	distributed	along	the	harbor	were	sampled	142	

during	each	survey	(Fig.	1).	Depth	profiles	of	temperature	and	salinity	were	143	

measured	at	each	station	with	a	CTD	(SBE-25,	Seabird	Electronics).	Water	samples	144	

for	Ra	isotopes	were	collected	from	1	m	depth	(surface)	at	each	station,	and	also	at	10	145	

and	20	m	at	station	19	in	October	2010,	March	2011	and	June	2011.	Samples	for	Ra	146	

analysis	were	stored	in	60	L	containers.		147	

	148	

Groundwater	was	sampled	for	Ra	isotopes,	salinity	and	temperature	measurements	149	

from	8	coastal	wells	distributed	along	the	southern	shoreline	and	two	small	islands	150	

within	the	harbor	and	from	the	small	stream	inflowing	to	the	inner	harbor	(Fig.	1).	151	

Whereas	on	July	2010	and	October	2010	the	stream	was	sampled	in	the	freshwater	152	

area,	on	March	2011	and	June	2011	the	samples	were	collected	from	the	estuarine	153	
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zone.	Finally,	one	sediment	core	was	also	collected	at	the	inner	harbor	to	determine	154	

the	diffusive	fluxes	of	Ra	isotopes	from	seafloor	sediments	to	the	harbor	waters	(Fig.	155	

1).		156	

	157	

In	addition	to	the	seasonal	samplings,	a	3-day	intensive	monitoring	was	conducted	158	

between	8	and	10	May	2012	to	evaluate	the	relevance	of	sediment	resuspension	159	

provoked	by	vessels	maneuvering	to	dock	as	a	source	of	Ra	isotopes	to	the	water	160	

column.	Two	resuspension	events	occurred	during	the	studied	period,	driven	by	the	161	

same	deep-draught	vessel	(draught	=	6	m)	that	docked	in	the	harbor	the	1st	and	the	162	

3rd	day	of	the	monitoring	period.	During	this	3-day	survey,	a	station	located	in	the	163	

inner	harbor	(Fig.	1)	was	sampled	14	times,	collecting	2	filtered	samples	for	Ra	164	

isotopes	each	time	to	characterize	surface	(1	m	depth)	and	(7	m	depth)	deep	waters.	165	

Depth	profiles	of	suspended	particles	were	measured	during	the	first	two	days	at	166	

each	sampling	time	by	using	laser	in	situ	scattering	and	transmissometry	(LISST-167	

100X,	Sequoia	Scientific).	This	instrument	obtains	the	particle	volume	concentration	168	

(μL·L-1)	by	laser	diffraction	(Agrawal	and	Pottsmith,	2000).	 	169	
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2.3.	Analytical	methods	170	

The	water	samples	were	filtered	through	columns	loaded	with	MnO2-impregnated	171	

acrylic	fiber	(hereafter	Mn-fibers)	at	a	flow	rate	<1	L·min-1	to	quantitatively	extract	172	

the	Ra	isotopes	(Moore	and	Reid,	1973).	Acrylic	fiber	without	MnO2	was	used	as	a	173	

pre-filter	to	extract	water	particles.	In	the	laboratory,	Mn-fibers	were	rinsed	with	174	

radium-free	deionized	water,	partially	dried	(Sun	and	Torgersen,	1998),	and	placed	175	

in	a	Radium	Delay	Coincidence	Counter	(RaDeCC)	to	quantify	the	short-lived	radium	176	

isotopes	(223Ra	and	224Ra,	as	well	as	228Th	to	estimate	the	224Ra	excess	not	supported	177	

by	its	parent)	(Moore	and	Arnold,	1996)).	Uncertainties	were	estimated	according	to	178	

(Garcia-Solsona	et	al.,	2008a).	Then,	the	Mn-fibers	were	ashed	(820	ºC,	16	h),	ground	179	

and	transferred	to	counting	vials	to	determine	the	long-lived	Ra	isotopes	(226Ra	and	180	

228Ra)	by	gamma	spectrometry	using	a	high-purity	well-type	Ge	detector.	181	

Measurements	were	carried	out	after	aging	the	samples	for	a	minimum	of	3	weeks	to	182	

ensure	the	equilibrium	between	226Ra	and	its	daughters.	226Ra	and	228Ra	were	183	

determined	through	the	214Pb	and	228Ac	photopeaks	at	352	keV	and	911	keV,	184	

respectively.	All	Ra	activities	were	corrected	for	radioactive	decay	to	the	sampling	185	

time.		186	

	187	

Ra	fluxes	diffused	from	sediments	were	estimated	from	the	incubation	of	the	188	

sediment	core	collected	at	the	inner	harbor,	following	the	methodology	described	by	189	

(Rodellas	et	al.,	2012).	Briefly,	once	at	the	laboratory,	the	overlying	water	of	the	190	

sediment	core	was	replaced	with	Ra-free	seawater.	The	seawater	added	to	the	191	

incubation	core	was	continuously	circulated	through	a	Mn-fiber	to	extract	the	Ra	192	

isotopes	and	bring	the	Ra-free	water	back	to	the	incubation	chamber.	The	fiber	was	193	

removed	to	determine	its	content	on	Ra	isotopes	and	replaced	by	a	new	one	after	194	
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each	incubation	period	(12,	24,	36,	48,	72	and	96	hours).	The	Ra	diffusive	fluxes	were	195	

determined	by	averaging	the	decay	corrected	Ra	activity	divided	by	each	incubation	196	

time	and	referenced	to	the	core	surface	area	(0.05	m2).	 	197	
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3.	RESULTS	198	

3.1.	Seasonal	sampling	199	

Salinity	distributions	along	the	harbor	showed	marked	differences	among	the	4	200	

surveys,	likely	reflecting	seasonal	variations	on	freshwater	inputs	(Fig.	2).	During	201	

October	2010,	a	salinity	gradient	was	observed	along	the	Port	of	Maó,	with	lower	202	

salinities	in	the	inner	harbor	and	increasing	salinities	towards	the	harbor	outlet.	203	

Contrarily,	a	strong	vertical	stratification	was	observed	in	March	2011,	without	a	204	

clear	gradient	along	the	harbor,	likely	suggesting	the	presence	of	freshwater	inputs	205	

and	a	rapid	horizontal	mixing.	During	summer,	minor	freshwater	inputs,	206	

characteristic	of	the	dry	season,	were	revealed	by	salinities	measured	at	the	inner	207	

harbor	being	similar	(June	2011)	or	even	higher	(July	2010)	than	those	measured	in	208	

the	open	sea,	likely	reflecting	minor	freshwater	inputs	and/or	an	intense	evaporation	209	

of	harbor	waters.		210	

	211	

The	data	on	the	concentrations	of	Ra	isotopes	for	the	four	samplings	campaigns	is	212	

presented	in	Fig.	3.	An	enrichment	in	the	concentrations	of	223Ra,	224Ra	and	228Ra	was	213	

observed	in	surface	waters	from	the	inner	harbor	relative	to	samples	offshore,	with	a	214	

decreasing	trend	towards	the	harbor	outlet,	suggesting	that	most	of	Ra	inputs	occur	215	

at	the	inner	harbor	and/or	there	is	a	major	dilution	with	open	sea	water	at	external	216	

stations	(Table	1).	Stronger	horizontal	gradients	along	the	harbor	were	observed	for	217	

short-lived	Ra	isotopes,	and,	to	a	lesser	extent,	for	228Ra	(Fig.	3).	226Ra	presented	218	

relatively	homogeneous	concentrations	along	the	harbor	in	all	the	sampling	surveys,	219	

comparable	to	those	measured	at	the	offshore	station,	revealing	a	lack	of	major	226Ra	220	

inputs	(Table	1;	Fig.	3).	Concentration	gradients	for	223Ra,	224Ra	and	228Ra	along	the	221	

harbor	were	smoothed	in	March	2011,	likely	as	a	consequence	of	a	rapid	horizontal	222	
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homogenization	of	surface	waters,	as	indicated	by	the	surface	salinity	distribution	223	

(Fig.	2).	Concentrations	of	long-lived	Ra	isotopes	were	relatively	constant	along	the	224	

water	column	for	all	the	seasons	and	regardless	variations	on	salinity,	as	derived	225	

from	the	depth	profile	conducted	at	station	#19	in	October	2010,	March	2011	and	226	

June	2011.	However,	concentrations	of	short-lived	Ra	isotopes	showed	a	significant	227	

decrease	with	depth	in	October	2010	and	March	2011.	Since	this	decrease	is	only	228	

observed	for	short-lived	Ra	isotopes,	it	is	likely	caused	by	radioactive	decay,	because	229	

mixing	with	open	seawater	would	also	reduce	the	concentrations	of	long-lived	Ra	230	

isotopes	(224Ra	and	228Ra	profiles	shown	in	Table	2).	231	

	232	

3.2.	Characterization	of	groundwater	and	stream	water	233	

Most	of	the	groundwater	samples	collected	from	wells	and	springs	located	close	to	234	

the	harbor	shoreline	(less	than	50	m)	presented	salinities	ranging	from	0.7	to	1.6,	235	

suggesting	minimal	seawater	intrusion.	Only	the	wells	located	in	small	islands	(W5	236	

and	W7)	revealed	an	exchange	with	the	sea	(salinities	of	8.9	and	12.6,	respectively)	237	

(Table	3).	238	

	239	

The	concentrations	of	Ra	measured	in	the	coastal	wells	showed	minimal	seasonal	240	

variations	(e.g.	228Ra	concentrations	measured	in	W8	were	199	±	11,	229	±	10	and	241	

228	±	5	dpm·100L-1	in	October	2010,	March	2011	and	June	2011,	respectively).	Given	242	

the	minimal	seasonal	variation,	concentrations	of	all	the	samples	from	the	same	well	243	

were	averaged	to	obtain	a	single	estimate	for	each	site	(Table	3).		244	

		245	

Groundwater	samples	were	enriched	in	all	the	Ra	isotopes	relative	to	seawater	(Table	246	

3).	In	general,	228Ra	concentrations	in	groundwater	were	higher	than	concentrations	247	
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of	224Ra	and	226Ra	for	most	of	the	collected	samples	(median	activity	ratios	(AR):	248	

224Ra/228Ra	=	0.65;	228Ra/226Ra	=	2.0).	These	differences	among	Ra	isotopes	in	249	

groundwater	are	likely	explained	by	two	major	factors:	i)	the	228Ra/226Ra	AR	in	250	

groundwater	is	reflecting	the	parental	Th/U	ratio	in	the	carbonate	host	rocks	(Garcia-251	

Solsona	et	al.,	2010a;	Moore,	2003);	and	ii)	most	of	the	sampled	wells	have	large	252	

dimensions	and	nowadays	are	not	frequently	used,	likely	resulting	in	stagnant	253	

groundwater	in	the	wells	for	long	periods	leading	to	the	partial	decay	of	short-lived	254	

Ra	isotopes	with	respect	to	the	long-lived	ones.		255	

	256	

Concentrations	of	Ra	isotopes	measured	in	the	stream	inflowing	to	the	inner	part	of	257	

the	harbor	are	also	presented	in	Table	3.	Ra	concentrations	measured	in	both	the	258	

freshwater	(salinity	of	0.9)	and	the	estuarine	areas	(salinity	of	11.2)	were	comparable	259	

to	those	measured	in	the	inner	harbor.		260	

	261	

3.3.	Three-day	intensive	monitoring		262	

The	passing	and	maneuvering	of	vessels	during	the	three-day	sampling	in	May	2012	263	

induced	the	resuspension	of	significant	amounts	of	seafloor	sediments,	which	could	264	

be	visually	observed	(Fig.	4),	enhancing	the	concentration	of	suspended	particles	265	

(from	<0.3	μL·L-1	to	>1	μL·L-1)	in	the	entire	water	column	of	the	inner	harbor	(Fig.	5).	266	

After	the	vessel-driven	resuspension	events,	concentrations	of	short-lived	Ra	267	

isotopes	in	both	surface	and	deep	waters	increased	significantly,	particularly	after	the	268	

2nd	vessel	docking	(1st	docking:	increases	of	50	and	30%	with	respect	to	the	223Ra	and	269	

224Ra	concentrations	before	the	resuspension	event,	respectively;	2nd	docking:	270	

concentration	increases	of	80	and	100%	for	223Ra	and	224Ra,	respectively)	(Fig.	6).	271	

Unlike	short-lived	Ra	isotopes,	concentrations	of	226Ra	and	228Ra	did	not	increase	272	
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substantially	(less	than	20%)	as	a	consequence	of	the	sediment	resuspension	events	273	

(Fig.	6).	This	reduced	increase	on	the	concentrations	of	long-lived	Ra	isotopes	is	likely	274	

related	to	their	long	regeneration	time,	that	results	in	minimum	amounts	of	long-275	

lived	Ra	isotopes	available	for	desorption	when	sediment	resuspension	events	occur.	276	

	277	

3.4.	Diffusive	sediment	fluxes	278	

The	diffusive	fluxes	of	Ra	isotopes	from	sediments	obtained	from	the	incubation	279	

experiment	were	4.9	±	1.1,	110	±	15,	11.3	±	2.4	and	11.7	±	0.8	dpm·d-1·m-2	for	223Ra,	280	

224Ra,	226Ra	and	228Ra,	respectively.	Differences	among	fluxes	from	different	Ra	281	

isotopes	are	related	to	the	abundance	in	sediments,	the	regeneration	time	of	each	282	

isotope,	which	is	set	by	their	respective	decay	constants,	and	the	relative	recoil	rates.	283	

These	fluxes	are	mainly	reflecting	molecular	diffusion	and	represent	an	upper	284	

estimate,	since	the	continuous	replacement	of	overlying	waters	with	Ra-free	water	285	

maximizes	the	gradient	between	pore	and	overlying	waters	(Beck	et	al.,	2007;	286	

Rodellas	et	al.,	2012).	Fluxes	are	comparable	to	those	obtained	in	previous	studies	in	287	

muddy	sediments	from	coastal	Mediterranean	environments	(Garcia-Solsona	et	al.,	288	

2008b)	and	throughout	the	world	(Beck	et	al.,	2007;	Garcia-Orellana	et	al.,	2014;	289	

Moore	et	al.,	2008).		 	290	
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4.	DISCUSSION	291	

4.1.	Ra	mass	balance		292	

Several	approaches	have	been	used	to	estimate	SGD	into	coastal	areas	by	using	Ra	293	

isotopes,	including	end-member	mixing	models	(e.g.	Charette	et	al.	2013),	294	

determining	Ra	fluxes	offshore	from	eddy	diffusive	mixing	(e.g.	Dulaiova	et	al.	2006),	295	

or	developing	Ra	mass	balances	(e.g.	Beck	et	al.	2007).	The	use	of	a	comprehensive	Ra	296	

mass	balance	is	likely	the	most	appropriate	method	to	assess	the	magnitude	of	SGD	in	297	

coastal	systems	with	several	potential	Ra	sources,	since	the	other	approaches	298	

generally	assume	that	SGD	is	the	dominant	Ra	input.	The	Ra	mass	balance	relies	on	299	

the	assumption	that	the	Ra	concentrations	in	the	harbor	are	in	steady	state	during	a	300	

given	period,	and	thus	Ra	isotopes	must	be	continuously	supplied	to	balance	their	301	

outputs.	By	constraining	all	the	potential	Ra	inputs	and	outputs,	the	Ra	flux	supplied	302	

by	SGD	can	be	evaluated	by	difference.		303	

	304	

In	the	case	of	the	Port	of	Maó,	we	identified	several	potential	Ra	inputs,	including	305	

diffusion	from	sediments	(Jdiff),	desorption	from	resuspended	sediments	(Jdes),	the	306	

stream	water	discharge	(Jstr)	and	SGD	(JSGD).	Losses	of	Ra	from	the	system	would	307	

occur	by	radioactive	decay	(Jλ)	and	net	export	to	the	coastal	sea	(Jsea).	Biological	308	

uptake,	in	situ	production	from	dissolved	Th	parents	and	atmospheric	inputs	are	309	

negligible	relative	to	the	other	source	or	removal	terms	(Charette	et	al.,	2008).	Thus,	310	

the	mass	balance	for	Ra	isotopes	can	be	expressed	as	follows:	311	

	312	

𝐽!+𝐽"#$ = 𝐽%&'' + 𝐽%#" + 𝐽"() + 𝐽*+, 		 	 	 (1)	313	

	314	
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where	sinks	and	sources	of	Ra	are	on	the	left-	and	right-	hand	sides	of	the	equation,	315	

respectively.	For	the	purpose	of	this	study,	we	focus	on	a	short-lived	Ra	isotope	316	

(224Ra)	and	on	a	long-lived	one	(228Ra).	We	have	excluded	223Ra,	which	would	provide	317	

equivalent	information	to	that	obtained	from	224Ra	but	with	larger	uncertainties,	and	318	

226Ra,	because	it	is	not	significantly	enriched	in	the	harbor	relative	to	open	sea	319	

waters,	revealing	that	there	are	no	relevant	sources	of	this	isotope	in	the	harbor.		320	

		321	

Ra	decay	322	

The	decay	term	of	the	Ra	mass	balance	can	be	obtained	by	multiplying	the	total	Ra	323	

inventory	in	harbor	waters	by	the	decay	constants	of	224Ra	(λ	=	0.189	d-1)	and	228Ra	(λ	324	

=	0.330·10-3	d-1).	Total	Ra	inventories	in	the	harbor	are	derived	from	the	area-325	

weighted	average	Ra	inventories	from	each	station	and	the	area	of	the	study	site	326	

(3.0·106	m2).	For	each	station,	we	assumed	constant	concentrations	of	228Ra	over	327	

depth	within	the	water	column,	as	shown	from	the	depth	profiles	of	228Ra	conducted	328	

at	station	#19	(Table	2).	The	same	assumption	was	taken	for	224Ra	in	summer	329	

samplings	(July	2010	and	June	2011),	as	concentrations	also	showed	minimal	330	

variation	with	depth.	Contrarily,	since	224Ra	concentrations	decreased	with	depth	in	331	

October	2010	and	March	2011	(Table	2),	we	used	deep	samples	collected	at	station	332	

#19	to	characterize	waters	below	10	m	depth.	The	total	Ra	inventories	ranged	from	333	

(2.0	±	0.1)·109	to	(2.8	±	0.2)·109	dpm	for	224Ra	and	from	(2.5	±	0.2)·109	to	(3.1	±	334	

0.2)·109	dpm	for	228Ra,	depending	on	the	season.	335	

	336	

Given	the	long	half-life	of	228Ra,	its	radioactive	decay	in	the	harbor	(on	the	order	of	337	

106	dpm·d-1,	<0.5%	of	the	total	outputs)	can	be	neglected,	but	radioactive	decay	is	a	338	
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relevant	output	term	for	the	224Ra	mass	balance	((370	–	530)·106	dpm·d-1,	30	-	60%	339	

of	the	total	outputs)	(Table	4).	340	

	341	

Ra	export	offshore	and	water	age	342	

The	Ra	export	offshore	can	be	determined	from	the	excess	Ra	inventories	in	harbor	343	

waters	and	the	apparent	water	age	(Tw).	The	excess	224,228Ra	inventories	in	the	harbor	344	

are	calculated	by	subtracting	the	contribution	of	Ra	from	the	open	sea	(assumed	to	be	345	

negligible	for	224Ra;	for	228Ra,	its	minimum	concentration	at	station	#32	multiplied	by	346	

the	harbor	water	volume)	from	the	total	Ra	inventory	in	the	harbor.		347	

	348	

The	apparent	age	of	harbor	waters,	defined	as	the	time	a	water	parcel	has	spent	since	349	

it	acquired	the	Ra	signal,	can	be	calculated	by	using	the	variation	of	the	activity	ratios	350	

(AR)	of	Ra	isotopes	of	different	half-lives	(Moore	et	al.,	2006).	In	an	environment	351	

where	Ra	inputs	occur	throughout	the	system	and	there	are	no	losses	aside	from	352	

mixing	with	offshore	seawater	and	radioactive	decay,	the	residence	time	can	be	353	

calculated	as	follows	(Moore	et	al.,	2006):	354	

	355	

𝑇- =
./!"0./#
./#!$$%

	 	 	 	 	 	 (2)	356	

	357	

where	ARin	is	the	224Ra/228Raex	AR	of	the	flux	into	the	system,	ARH	is	the	averaged	358	

224Ra/228Raex	AR	in	the	harbor	and	λ224	is	the	decay	constant	of	224Ra.	The	subscript	359	

“ex”	designates	the	excess	concentration	of	228Ra	obtained	by	subtracting	the	360	

concentration	in	open	sea	to	the	concentration	in	the	harbor	waters.	The	ARin	term	361	

depends	on	Ra	inputs	from	all	the	sources	and	its	relative	importance.	The	362	

224Ra/228Ra	ARs	for	all	the	potential	Ra	sources	to	the	harbor	span	a	wide	range:	0.9	±	363	
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0.12	in	water	inputs	from	the	stream,	9.5	±	1.4	in	diffusion	from	sediments,	5.9	±	5.2	364	

in	releases	from	resuspension	events	and	1.02	±	0.10	in	SGD	(see	sections	below).	365	

Since	the	relative	contribution	of	the	different	sources	is	not	properly	known,	here	we	366	

used	the	highest	224Ra/228Raex	AR	in	harbor	waters	(3.3	±	0.4),	which	was	measured	367	

in	the	inner	harbor	(station	#3).	This	value	shall	be	similar	to	the	224Ra/228Raex	AR	in	368	

the	Ra	source,	because	samples	collected	in	the	inner	area	of	the	harbor	are	likely	369	

close	to	the	Ra	source	and,	thus,	a	minimum	decay	is	expected.	Using	the	weighted	370	

average	224Ra/228Raex	AR	of	all	the	harbor	samples	(1.44	±	0.14,	1.81	±	0.11,	2.3	±	0.2	371	

and	2.1	±	0.2	for	July	2010,	October	2010,	March	2011	and	June	2011,	respectively),	372	

the	estimated	seasonal	apparent	water	ages	of	surface	waters	are	6.7	±	1.8	d	for	July	373	

2010,	4.2	±	1.3	d	for	October	2010,	2.3	±	1.2	d	for	March	2011	and	3.1	±	1.3	d	for	June	374	

2011.		375	

	376	

The	flux	of	Ra	exported	offshore,	obtained	by	dividing	the	excess	Ra	inventories	by	377	

the	water	apparent	age,	ranged	from	(290	±	80)·106	to	(1000	±	500)·106	dpm·d-1	for	378	

224Ra	and	from	(200	±	60)·106	to	(440	±	230)·106	dpm·d-1	for	228Ra,	depending	on	the	379	

season	(Table	4).		380	

	381	

Diffusion	of	Ra	from	sediments	382	

The	total	diffusive	fluxes	of	Ra	from	seafloor	sediments	to	the	water	column	of	the	383	

Port	of	Maó	can	be	estimated	from	the	Ra	diffusive	fluxes	obtained	from	incubation	384	

experiments	and	the	area	of	seafloor	sediments	in	the	harbor	(3.0·106	m2):	(340	±	385	

50)·106	dpm·d-1	for	224Ra	and	(35	±	2)·106	dpm·d-1	for	228Ra.	Since	the	Ra	diffusive	386	

fluxes	estimated	here	are	based	in	a	single	experimental	value	that	do	not	take	into	387	

account	the	potential	temporal	and	seasonal	variations	on	these	inputs,	using	the	388	
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uncertainty	associated	to	this	unique	value	seems	unjustified	(Garcia-Orellana	et	al.,	389	

2014).	Thus,	we	assign	an	uncertainty	of	±	50%	to	the	resultant	fluxes	that	shall	390	

integrate	the	actual	variability	of	diffusive	fluxes	from	sediments,	as	observed	in	391	

other	studies	(Garcia-Orellana	et	al.,	2014;	Moore	et	al.,	2008).	392	

	393	

Ra	inputs	from	resuspended	sediments	394	

The	enhancements	of	short-lived	Ra	concentrations	in	the	water	column	after	395	

sediment	resuspension	events	(Fig.	6)	are	likely	a	consequence	of	Ra	desorption	from	396	

resuspended	particles,	but	could	also	result	from	resuspension-induced	porewater	397	

exchange	with	overlying	waters.	Considering	that	the	docking	maneuver	of	deep-398	

draft	vessels	provokes	the	resuspension	events	(Fig.	4-5),	the	flux	of	Ra	from	399	

resuspended	sediments	is	determined	from	the	increase	of	Ra	inventories	in	the	400	

harbor	after	the	docking	of	vessels	and	the	frequency	of	resuspension	events.	401	

Increased	Ra	inventories	are	calculated	from	the	water	volume	affected	by	402	

resuspension	events	(2·106	m3;	determined	from	aerial	images	and	bathymetry)	403	

multiplied	by	the	enhancements	of	Ra	concentrations	in	the	inner	harbor	after	vessel-404	

driven	resuspension	events.	To	estimate	this	latter	term,	we	use	an	average	of	the	405	

increase	on	Ra	concentrations	after	the	two	vessel-driven	events	recorded	during	the	406	

3-day	intensive	monitoring	(5	±	3	dpm·100L-1	for	224Ra	and	0.	9	±	0.6	dpm·100L-1	for	407	

228Ra;	Fig.	6).	The	frequency	of	deep	draft	vessels	(draft	>	5	m)	that	were	docked	in	408	

the	harbor	during	the	periods	studied	averaged	2.6,	2.0,	1.1,	1.9	vessels·d-1	in	July	409	

2010,	October	2010,	March	2011	and	June	2011,	respectively	(data	compiled	from	410	

the	website	of	Port	Authority	of	Maó;	www.portsdebalears.com).	Using	these	data,	411	

inputs	of	Ra	from	resuspended	sediments	range	from	120·106	to	270·106	dpm·d-1	for	412	

224Ra	and	from	15·106	to	46·106	dpm·d-1	for	228Ra,	depending	on	the	season	(Table	4).	413	
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It	is	difficult	to	accurately	assess	the	uncertainty	associated	with	the	parameters	414	

involved	in	the	determination	of	the	Ra	flux	from	resuspended	sediments.	415	

Particularly,	Ra	enhancements	derived	from	resuspension	events	can	be	largely	416	

variable,	mainly	depending	on	both	the	amount	of	sediments	resuspended,	which	in	417	

turn	is	influenced	by	the	vessel	draft	and	the	maneuvering	procedure,	and	the	time	418	

elapsed	between	resuspension	events,	which	would	determine	the	amount	of	Ra	419	

produced	and	available	for	desorption.	To	account	for	this	variability	and	potential	420	

mischaracterization,	we	assign	an	uncertainty	of	±100%	to	the	final	estimate	of	the	421	

Ra	flux	from	resuspended	sediments.		422	

	423	

Inputs	of	Ra	from	stream	waters	424	

Both	the	concentrations	of	Ra	dissolved	and	desorbed	from	suspended	particles	in	425	

stream	waters	need	to	be	taken	into	account	to	estimate	the	inputs	of	Ra	to	the	426	

harbor	waters	from	the	stream	(Moore	and	Shaw,	2008).	The	salinity	(11.2,	Table	3)	427	

of	the	sample	collected	on	the	estuarine	section	of	the	stream	is	high	enough	to	428	

assume	that	all	Ra	from	suspended	particles	had	been	desorbed	(Krest	et	al.,	1999),	429	

and	thus	we	can	determine	both	the	dissolved	and	desorbed	Ra	inputs.	Since	the	430	

water	flow	of	the	stream	entering	the	inner	harbor	could	not	be	precisely	measured,	431	

we	constrained	it	from	the	monthly	precipitation	in	the	area	(Spanish	Meteorological	432	

Agency,	AEMET),	the	area	draining	to	the	stream	(2.8·107	m2;	IDEIB)	and	the	433	

percentage	of	impervious	substrate	(18%;	IDEIB).	Here	it	is	implicitly	assumed	that	434	

all	the	precipitation	falling	on	the	impervious	drainage	area	discharges	to	the	stream	435	

(i.e.	no	further	infiltration,	no	evaporation,	no	biological	consumption),	leading	to	a	436	

overestimation	of	the	flow	(flows	obtained	ranging	from	1.9·103	to	29·103	m3·d-1).	437	
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Even	considering	this	upper	limit,	the	stream	only	contributes	to	a	minor	fraction	438	

(<2%)	of	the	total	224Ra	and	228Ra	inputs	to	the	harbor	(Table	4).		439	

	440	

Inputs	of	Ra	from	SGD	441	

For	all	the	seasonal	surveys,	the	previously	evaluated	Ra	sources	to	the	harbor	are	442	

not	sufficient	to	balance	the	total	Ra	outputs	(Table	4).	These	differences	in	Ra	fluxes	443	

could	be	reasonably	ascribed	to	the	remaining	source,	i.e.	SGD.	The	estimated	444	

magnitudes	of	the	Ra	fluxes	derived	from	SGD,	as	well	as	their	associated	445	

uncertainties,	rely	on	the	accuracy	with	which	the	most	significant	components	of	the	446	

Ra	mass	balance	are	characterized	(Table	4;	Fig.	7).	For	224Ra,	these	terms	include	Ra	447	

gains	by	diffusion	from	seafloor	sediments	(accounting	for	20	-	50%	of	the	total	448	

outputs,	depending	on	the	season)	and	resuspension	events	(10	-	40%),	and	losses	by	449	

radioactive	decay	(30	-	60	%)	and	offshore	export	(40	-	70%).	For	228Ra,	sediment	450	

diffusion	and	resuspension	are	lower	but	still	relevant	sources	(8	-	20%	and	3	-	20%,	451	

respectively),	whereas	the	only	significant	loss	is	the	exported	offshore	(>99	%).		452	

	453	

Inputs	of	Ra	from	SGD	range	from	(50	±	330)·106	dpm·d-1	for	224Ra	and	(120	±	454	

80)·106	dpm·d-1	for	228Ra	in	July	2010	to	(980	±	540)·106	dpm·d-1	for	224Ra	and	(390	±	455	

230)	dpm·d-1	for	228Ra	in	March	2011.	The	propagation	of	the	uncertainties	of	all	the	456	

components	of	the	Ra	mass	balance	leads	to	relative	large	uncertainties	in	the	final	457	

estimates,	ranging	from	50	to	600%	for	224Ra	and	from	40	to	60%	for	228Ra,	458	

depending	on	the	season	(Table	4).	The	high	uncertainties	associated	to	224Ra	fluxes	459	

are	mainly	derived	from	the	large	uncertainties	that	were	assigned	to	the	Ra	fluxes	460	

from	sediments,	including	both	diffusion	(uncertainty	of	50%)	and	releases	from	461	

resuspension	events	provoked	by	deep	draft	vessels	(uncertainty	of	100%).	462	
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Contrarily,	the	uncertainties	of	the	228Ra-derived	estimates	are	mainly	a	consequence	463	

of	the	uncertainties	associated	to	the	calculation	of	water	ages	(relative	uncertainties	464	

ranging	from	30	to	50%).	465	

	466	

4.2.	SGD	to	the	Port	of	Maó	467	

The	SGD	flow	to	the	Port	of	Maó	can	be	estimated	from	the	Ra	flux	supplied	by	SGD	468	

derived	from	the	mass	balance	and	the	Ra	concentration	in	coastal	groundwater	(the	469	

SGD	end-member)	(Table	4).	Most	of	the	groundwater	samples	were	collected	from	470	

large	wells	that	has	not	been	used	for	long	periods	(up	to	several	decades)	(W1,	W3,	471	

W4,	W5	and	W7)	or	from	large	spring	caves	nourished	by	groundwater	(W2	and	W6).	472	

Both	the	limited	groundwater	extractions	and	the	large	size	of	the	reservoirs	may	473	

result	in	groundwater	being	isolated	from	its	Ra	source	(aquifer	solids)	for	long	474	

periods,	likely	leading	to	decreased	Ra	concentrations	due	to	radioactive	decay,	475	

particularly	for	the	short-lived	isotopes.	This	decay	is	indeed	reflected	by	the	low	476	

224Ra/228Ra	AR	of	all	these	samples	(<	0.7;	Table	3),	since	groundwater	commonly	has	477	

specific	activities	of	224Ra	and	228Ra	in	equilibrium	or	even	enriched	in	224Ra	relative	478	

to	228Ra,	due	to	alpha	recoil	and/or	the	faster	regeneration	of	224Ra	(Charette	et	al.,	479	

2003;	Porcelli	and	Swarzenski,	2003;	Rama	and	Moore,	1996;	Swarzenski,	2007).	480	

Therefore,	these	groundwater	samples	would	not	be	appropriate	for	the	481	

characterization	of	Ra	concentrations	in	SGD	discharging	to	the	Port	of	Maó.	From	all	482	

the	sites	sampled,	W8	is	the	only	one	where	groundwater	is	continuously	flowing,	483	

since	it	is	a	near-shore	well	(10	m	from	the	harbor	waters)	frequently	(almost	daily)	484	

pumped	for	commercial	purposes.	Additionally,	we	purged	the	well	(extracting	485	

hundreds	of	liters)	before	sampling	to	ensure	that	groundwater	was	completely	486	

renewed.	Groundwater	samples	collected	from	this	well	are	thus	the	best	487	
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representation	we	have	of	the	Ra	concentration	in	the	SGD	end-member.	Average	Ra	488	

concentration	collected	from	W8	are	224	±	13	dpm·100L-1	for	224Ra	and	220	±	20	489	

dpm·100L-1	for	228Ra,	with	an	224Ra/228Ra	AR	of	~1	(Table	3).	226Ra	concentrations	in	490	

this	well	are	considerably	lower	(2	times)	than	228Ra	concentrations,	justifying	the	491	

low	226Ra	enrichment	observed	in	harbor	waters.		492	

	493	

Results	of	the	SGD	fluxes	derived	from	the	224,228Ra	mass	balance	and	Ra	494	

concentrations	measured	in	groundwater	from	W8	are	shown	in	Table	4.	For	most	of	495	

the	seasonal	samplings,	SGD	flows	derived	from	224Ra	are	nominally	higher	(by	a	496	

factor	of	~2)	than	those	obtained	when	using	228Ra,	although	the	values	overlap	497	

within	the	uncertainties.	The	most	likely	reason	for	the	differences	in	the	SGD	flows	is	498	

the	difficulty	in	the	characterization	of	the	sedimentary	source,	including	the	Ra	499	

supplied	from	both	diffusion	and	resuspension	events.	The	characterization	of	the	Ra	500	

inputs	from	sediments	have	a	larger	influence	for	224Ra	than	for	228Ra,	given	its	501	

relative	importance	in	the	mass	balance	(Fig.	7).	Indeed,	this	is	reflected	in	the	larger	502	

uncertainties	associated	with	224Ra-derived	SGD	rates.	SGD	flows	obtained	from	228Ra	503	

would	thus	be	more	reliable,	as	they	are	less	conditioned	on	the	appropriate	504	

characterization	of	the	Ra	fluxes	from	diffusion	and	resuspension	events.	Although	505	

calculations	are	not	reported	in	the	manuscript,	223Ra-derived	SGD	is	also	comparable	506	

to	the	flows	obtained	when	using	224Ra	and	228Ra,	but	its	large	uncertainty	(70	-	507	

800%)	prevents	any	detailed	evaluation.		508	

	509	

Based	only	on	the	228Ra-derived	estimates,	SGD	presents	a	seasonal	pattern	likely	510	

dominated	by	changes	in	precipitation	over	the	annual	cycle,	with	maximum	SGD	511	

rates	in	wet	seasons	((180	±	100)·103	m3·d-1	in	March11)	and	minimum	flows	in	the	512	
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dry	period	((56	±	35)·103	m3·d-1	in	July10).	The	seasonal	discharge	pattern	is	in	phase	513	

with	the	recharge	cycle	of	the	aquifers	with	maximum	annual	precipitations	in	spring	514	

and	fall,	suggesting	a	rapid	response	of	the	limestone	aquifer	to	precipitation	events,	515	

as	previously	reported	in	other	Mediterranean	coastal	areas	(Garcia-Solsona	et	al.,	516	

2010b;	Rodellas	et	al.,	2012).	Variations	in	precipitation	may	also	lead	to	seasonal	517	

oscillation	in	the	freshwater-seawater	interface,	driving	the	discharge	of	both	fresh	518	

groundwater	and	seawater	previously	infiltrated	to	the	coastal	aquifer	(Michael	et	al.,	519	

2005).	However,	the	low	salinities	measured	in	most	of	the	wells	located	close	to	the	520	

harbor	suggest	that	SGD	into	the	Port	of	Maó	likely	contains	a	minor	fraction	of	saline	521	

groundwater.	Given	the	micro-tidal	conditions	of	the	Port	of	Maó	(10-30	cm),	no	522	

major	tidal	modulation	in	the	harbor	is	expected.	When	normalizing	the	estimated	523	

SGD	to	the	harbor	shore	length	(~18	km),	the	annual	SGD	flow	is	((1.1	–	3.6)·106	524	

m3·yr-1·km-1),	which	is	in	good	agreement	with	other	estimates	for	Mediterranean	525	

islands	(Garcia-Solsona	et	al.,	2010a;	Moore,	2006;	Rodellas	et	al.,	2014;	Tovar-526	

Sanchez	et	al.,	2014).	527	

	528	

4.3.	Sediment	influence	on	Ra	mass	balances	529	

The	Ra	mass	balance	conducted	in	the	Port	of	Maó	reveals	that	the	Ra	flux	from	530	

sediments,	including	both	diffusion	and	releases	from	resuspension	events,	531	

represents	a	significant	source	of	Ra	to	the	harbor	waters	(Table	4;	Fig.	7).	This	532	

sedimentary	source	accounts	for	a	major	fraction	of	the	224Ra	supplied	to	the	system,	533	

particularly	in	summer,	when	SGD	fluxes	are	minimal	and	the	resuspension	events	534	

are	more	frequent.	For	instance,	while	the	sediment	source	represents	30%	of	the	535	

total	inputs	of	224Ra	in	March	2011,	it	is	the	dominant	(90%)	source	in	July	2010	(Fig.	536	

7).	The	influence	of	sediments	on	the	228Ra	mass	balance	is	lower	but	still	significant,	537	
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ranging	from	10%	of	the	total	228Ra	inputs	in	March	2011	to	40%	in	July	2010	(Fig.	7).	538	

These	differences	in	the	relative	importance	of	sediments	for	224Ra	and	228Ra	are	539	

mainly	related	to	differences	in	their	production	rates,	which	are	set	by	their	decay	540	

constants	(Charette	et	al.,	2008).	Short-time	and	small	scale	processes,	such	as	541	

diffusion	from	seafloor	sediments	or	daily	sediment	resuspension	events,	do	not	542	

allow	a	significant	ingrowth	of	long-lived	Ra	isotopes,	resulting	in	relatively	low	543	

fluxes	to	the	water	column	compared	to	short-lived	Ra	isotopes	(King,	2012;	Santos	et	544	

al.,	2012).		545	

	546	

Unlike	the	results	that	we	obtained	in	the	Port	of	Maó,	fluxes	from	seafloor	sediments	547	

are	commonly	a	minor	source	of	Ra	isotopes	compared	to	the	Ra	inputs	derived	from	548	

SGD	(e.g.	Rama	and	Moore	1996;	Charette	et	al.	2003;	Beck	et	al.	2007;	Garcia-Solsona	549	

et	al.	2008b;	Rodellas	et	al.	2012),	particularly	when	coarse-grained	sediments	are	550	

involved,	since	they	represent	a	relatively	low	surface	area	substrate	with	low	Ra	551	

pools	available	for	adsorption-desorption	reactions	(Beck	and	Cochran	2013).	552	

However,	sediments	can	represent	a	relevant	source	of	Ra	isotopes	in	those	systems	553	

covered	by	fine-grained	sediments	and/or	affected	by	processes	that	favor	Ra	554	

exchange	across	the	sediment-water	interface,	such	as	bioirrigation,	sediment	555	

resuspension,	seasonal	hypoxia	or	short-scale	(mm	to	cm)	porewater	exchange	556	

driven	by	pressure	gradients	(Breier	et	al.,	2010,	2009;	Colbert	and	Hammond,	2008;	557	

Garcia-Orellana	et	al.,	2014;	Gleeson	et	al.,	2013),	as	we	also	showed	in	this	work.	In	558	

addition,	Ra	inputs	from	sediments	can	also	be	relevant	and	comparable	to	those	559	

gains	from	SGD	in	large	scale	studies,	such	as	those	conducted	in	entire	basins	where	560	

inputs	from	the	entire	continental	shelf	must	be	considered	(Moore	et	al.	561	

2008;Rodellas	et	al.,	submitted).	In	all	these	environments,	the	estimation	of	SGD	562	
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relies	on	an	appropriate	characterization	of	Ra	fluxes	from	sediment	sources.	563	

However,	Ra	flux	from	sediments	might	be	difficult	to	quantify,	since	it	depends	on	564	

several	parameters	highly	variable	in	space	(e.g.	sediment	grain	size,	porosity,	redox	565	

state)	and	time	(e.g.	amount	of	sediments	resuspended,	frequency	of	resuspension	566	

events,	bioturbation)	(Breier	et	al.,	2010;	Garcia-Orellana	et	al.,	2014;	Moore	et	al.,	567	

2008).	For	instance,	Moore	et	al.	(2008)	showed	that	Ra	fluxes	from	fine-grained	568	

sediments	are	commonly	1-2	orders	of	magnitude	higher	than	those	from	coarse-569	

grained	sediments,	requiring	a	detailed	knowledge	of	the	relative	extension	of	each	570	

type	of	sediment	.	Also,	Garcia-Orellana	et	al.	(2014)	suggested	that	seasonally	571	

variable	bioirrigation	and	Mn	cycling	may	exert	important	controls	on	the	Ra	flux	572	

from	seafloor	sediments,	resulting	in	seasonally	variable	Ra	diffusive	fluxes.	Thus,	573	

estimates	of	Ra	inputs	from	sediments	based	on	several	assumptions	and	limited	574	

measurements	might	not	adequately	represent	spatial	or	temporal	variations	of	the	575	

sediment	sources.	As	done	in	this	study,	when	Ra	inputs	from	sediment	can	not	be	576	

accurately	characterized,	large	uncertainties	need	to	be	assigned	to	the	inputs	from	577	

sediments,	which	shall	integrate	the	actual	contribution	of	Ra	isotopes	from	578	

sediments,	although	introduce	large	uncertainties	to	the	final	SGD	estimates.	Since	579	

sediment	sources	are	greater	in	proportion	and	magnitude	for	short-lived	Ra	isotopes	580	

than	for	the	long-lived	ones,	failure	to	estimate	the	long-lived	Ra	fluxes	from	581	

sediments	is	smoothed	out	by	their	minor	influence	on	the	final	SGD	estimate.	582	

Accordingly,	in	those	systems	where	sediments	can	represent	a	major	contributor	to	583	

the	Ra	mass	balance	(e.g.	shallow	water	bodies,	fine-grained	systems	or	areas	prone	584	

to	bioturbation	or	resuspension	events),	long-lived	isotopes	are	likely	the	most	585	

appropriate	Ra	tracers	of	SGD.	Yet,	given	that	Ra	isotopes	reflect	input	mechanisms	586	

on	time	scales	similar	to	their	regeneration	rates,	the	selection	of	the	appropriate	Ra	587	
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tracer	would	also	depend	on	the	target	processes	of	the	study	(King,	2012;	Santos	et	588	

al.,	2012).	For	instance,	using	long-lived	Ra	isotopes	may	not	capture	short	(days)	589	

scale	recirculation	processes,	such	as	tidally-driven	SGD.		 	590	
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CONCLUSIONS	591	

Submarine	Groundwater	Discharge	(SGD)	to	the	Port	of	Maó	has	been	estimated	by	592	

using	a	comprehensive	mass	balance	of	224Ra	and	228Ra.	The	results	show	that	the	Ra	593	

flux	from	sediments,	through	diffusion	and	releases	associated	to	resuspension	594	

events,	represents	a	significant	source	of	Ra	to	the	harbor	waters.	Difficulties	in	595	

accurately	estimating	the	Ra	fluxes	from	sediments,	which	account	for	30	-	90%	and	596	

10	-	40%	of	the	224Ra	and	228Ra	supplied	to	the	system,	respectively,	result	on	large	597	

uncertainties	on	the	final	SGD	estimates.	Uncertainties	are	particularly	high	for	224Ra,	598	

given	the	larger	relative	importance	of	the	sediment-derived	inputs	in	the	Ra	mass	599	

balance	because	of	its	faster	production	rate	in	sediments.	Based	on	228Ra,	the	SGD	600	

flows	to	the	Port	of	Maó	range	from	(56	±	35)·103	to	(180	±	100)·103	m3·d-1,	showing	601	

a	seasonality	likely	dominated	by	the	recharge	cycle.	Findings	derived	from	this	work	602	

are	evidence	that	attributing	Ra	inputs	to	the	water	column	solely	to	SGD	in	systems	603	

where	sediments	may	play	a	relevant	role	(e.g.	shallow	water	bodies,	muddy	systems	604	

or	areas	prone	to	bioturbation	or	resuspension	events)	might	not	be	accurate,	605	

requiring	a	detailed	evaluation	of	the	sediment	source.	Since	inputs	from	sediments	606	

are	often	difficult	to	quantify,	using	long-lived	Ra	isotopes	to	estimate	the	SGD	flow	607	

may	minimize	the	effect	of	a	poor	characterization	of	the	sediment	source.		608	

	609	

Besides	the	influence	of	sediments	as	a	source	of	Ra	isotopes	to	the	water	column	of	610	

the	Port	of	Maó,	harbor	sediments	could	also	represent	a	relevant	source	of	other	611	

compounds,	such	as	major	nutrients	(e.g.	nitrogen	or	phosphorous)	or	heavy	metals	612	

(e.g.	Cu,	Pb,	Hg),	to	the	harbor	waters.	Inputs	of	metals	from	seafloor	sediments	may	613	

be	particularly	relevant	in	the	Port	of	Maó,	because	sediments	contain	significant	614	

amounts	of	metals	as	a	consequence	of	industrial	and	urban	activities	(Garcia-615	
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Orellana	et	al.,	2011).	Considering	its	frequency	and	magnitude,	the	resuspension	of	616	

seafloor	sediments	triggered	by	vessel	docking	maneuvers	could	represent	a	major	617	

mechanism	favoring	the	release	of	sediment-bound	metals	into	the	water	column	618	

(Kalnejais	et	al.,	2010;	Superville	et	al.,	2014).	Inputs	of	metals	from	sediments	may	619	

have	profound	implications	on	the	biogeochemical	cycles	of	the	water	column,	by	620	

limiting	algal	growth	or	acting	as	toxic	agents	(Lafabrie	et	al.,	2013;	Morel	and	Price,	621	

2003;	Twining	and	Baines,	2013).	Thus,	fluxes	of	trace	metals	from	sediments,	as	well	622	

as	the	effects	of	the	sediment	sources	on	the	phytoplankton	composition	or	growth,	623	

should	be	further	studied.		624	
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TABLES	807	

Table	1.	Average	Ra	concentrations	in	surface	waters	of	the	inner	harbor	(stations	#1	808	

to	#4)	and	at	the	offshore	station	(#32).	Ratios	between	Ra	concentrations	in	and	out	809	

of	the	harbor	are	also	shown.		810	

    223Ra 224Ra 226Ra 228Ra 
  dpm·100L-1     

July 2010 

Inner Harbor 1.31 ± 0.15 11.7 ± 1.3 13.7 ± 0.7 9.6 ± 1.1 

Offshore 0.08 ± 0.03 0.2 ± 0.2 13.7 ± 0.5 3.8 ± 0.7 

In/Out ratio 16 51 1.0 2.5 

October 2010 

Inner Harbor 1.24 ± 0.08 14 ± 2 12.2 ± 1.4 9.9 ± 1.0 

Offshore 0.18 ± 0.08 2.0 ± 0.3 9.1 ± 0.4 4.1 ± 0.6 

In/Out ratio 6.9 6.9 1.3 2.4 

March 2011 

Inner Harbor 0.77 ± 0.18 7.9 ± 1.4 11 ± 2 6.7 ± 0.3 

Seawater 0.20 ± 0.06 2.0 ± 0.3 12.8 ± 0.4 3.7 ± 0.5 

In/Out ratio 3.8 3.9 0.8 1.8 

June 2011 

Inner Harbor 0.96 ± 0.21 9.1 ± 1.3 12 ± 2 7.4 ± 0.8 

Seawater 0.10 ± 0.04 0.3 ± 0.2 12.6 ± 0.5 4.0 ± 0.8 

In/Out ratio 9.6 28 1.0 1.9 

	811	

	812	

	 	813	
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Table	2.	224Ra	and	228Ra	concentrations	in	the	depth	profile	conducted	at	station	#19	814	

in	October	2010,	March	2011	and	June	2011.	815	

  Depth Salinity 224Ra 228Ra 
  m   dpm·100L-1 
         

October10 

1 37.89 6.3 ± 0.6 6.3 ± 0.7 

5 37.90 5.6 ± 0.6 5.3 ± 0.9 

15 37.90 2.4 ± 0.5 6.0 ± 1.2 

25 37.91 2.0 ± 0.4 6.7 ± 1.5 

March11 

1 37.59 5.1 ± 0.5 5.8 ± 0.8 

10 37.73 3.8 ± 0.6 6.0 ± 1.1 

20 37.80 2.8 ± 0.5 6.2 ± 0.9 

June11 

1 37.62 4.4 ± 0.4 6.6 ± 0.6 

10 37.61 3.4 ± 0.4 5.3 ± 1.4 

20 37.65 4.4 ± 0.5 7.6 ± 1.5 

	816	
	817	
		 	818	
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	819	
Table	3.	Average	Ra	concentrations	in	groundwater	samples	and	in	the	freshwater	820	

(Stream-F)	and	estuarine	regions	(Stream-F)	of	the	inflowing	stream	(uncertainties	821	

represent	the	standard	deviation).		822	

	823	
  Sal 223Ra 224Ra 226Ra 228Ra 224Ra/228Ra AR 
    dpm·100L-1       

W1 1.6 1.5 ± 0.8 23 ± 11 11.6 ± 1.0* 21 ± 2* 0.53 ± 0.05* 
W2 0.8 1.7 ± 0.2 16 ± 4 49 ± 2* 46 ± 2* 0.26 ± 0.02* 
W3 1.4 7.4 ± 2.5 66 ± 11 160 ± 3* 115 ± 5* 0.59 ± 0.05* 
W4 1.1 1.7 ± 1.5 31 ± 20 52 ± 2* 33 ± 2* 0.50 ± 0.04* 
W5 8.9 5.1 ± 0.6 165 ± 13 71 ± 5* 230 ± 20* 0.67 ± 0.08* 
W6 0.7 1.22 ± 0.05 27 ± 2 33 ± 2* 231 ± 4* 0.12 ± 0.01* 
W7 12.6 1.5 ± 0.2* 26 ± 2* 100 ± 2* 58 ± 5* 0.46 ± 0.05* 
W8 0.8 8.4 ± 2.1 224 ± 13 107 ± 11 220 ± 20 1.02 ± 0.10 
                 

Stream-F 0.9 0.70 ± 0.09* 11.4 ± 0.8* n.a. n.a. n.a. 
Stream-E 11.2 0.50 ± 0.11* 17.3 ± 1.1* 9.0 ± 0.8* 20 ± 3* 0.85 ± 0.12* 

n.a.	not	analyzed	824	

*	Only	measured	in	one	survey:	analytical	uncertainties	are	reported	825	

	826	

	 	827	
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Table	4.	Inputs	and	outputs	of	224Ra	and	228Ra	to	the	Port	of	Maó	for	all	the	four	828	

surveys.	Difference	between	inputs	and	outputs	is	used	to	derive	the	flux	of	Ra	from	829	

SGD	and	the	final	SGD	estimate.		830	

	831	

  July 2010 October 2010 March 2011 June 2011   

  224Ra 228Ra 224Ra 228Ra 224Ra 228Ra 224Ra 228Ra Units 

                          

Export offshore 290 ± 80 200 ± 60 660 ± 210 370 ± 110 1000 ± 500 440 ± 230 720 ± 300 350 ± 150 ·106 dpm·d-1 

Decay 370 ± 11 0.95 ± 0.04 528 ± 13 1.01 ± 0.03 438 ± 13 0.84 ± 0.03 418 ± 11 0.86 ± 0.04 ·106 dpm·d-1 

TOTAL OUPUTS 660 ± 80 200 ± 60 1200 ± 200 370 ± 120 1400 ± 500 440 ± 220 1100 ± 300 350 ± 150 ·106 dpm·d-1 

                          

Sediments diffusion 340 ± 170 35 ± 18 340 ± 170 35 ± 18 340 ± 170 35 ± 18 340 ± 170 35 ± 18 ·106 dpm·d-1 

Sediment resuspension 270 ± 270 46 ± 46 210 ± 210 26 ± 26 120 ± 120 15 ± 15 200 ± 200 24 ± 24 ·106 dpm·d-1 

Stream 0.33 ± 0.02 0.39 ± 0.05 5.0 ± 0.3 5.8 ± 0.7 1.35 ± 0.09 1.6 ± 0.2 0.55 ± 0.04 0.65 ± 0.08 ·106 dpm·d-1 

TOTAL INPUTS 610 ± 320 82 ± 49 550 ± 270 67 ± 32 460 ± 210 52 ± 23 530 ± 260 60 ± 30 ·106 dpm·d-1 

                          

SGD 50 ± 330 120 ± 80 630 ± 340 300 ± 120 980 ± 540 390 ± 230 610 ± 400 290 ± 150 ·106 dpm·d-1 
                          

SGD flow 20 ± 150 56 ± 35 280 ± 150 140 ± 60 440 ± 240 180 ± 100 270 ± 180 130 ± 70 ·103 m3·d-1 

	832	

 833	
	 	834	
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FIGURE	LEGENDS	835	

Figure	1.	Map	of	the	Port	of	Maó	including	the	location	of	all	the	hydrographic	836	

stations	and	the	site	where	the	three-day	monitoring	was	conducted.	The	location	of	837	

the	groundwater	samples,	the	inflowing	stream	and	the	sediment	core	collected	are	838	

also	shown.	Dashed-lines	differentiate	(from	the	left	to	the	right)	the	inner,	middle	839	

and	outer	areas	of	the	harbor,	and	the	boundary	of	the	study	site.	840	

	841	

Figure	2.	Salinity	distribution	on	a	cross	section	along	the	Port	of	Maó	derived	from	842	

CTD	profiles	conducted	in	each	station.	The	dashed	line	highlights	the	boundary	of	843	

the	harbor.	844	

	845	

Figure	3.	Ra	concentrations	in	surface	waters	along	the	harbor	for	all	the	four	846	

surveys	conducted.	Average	uncertainties	associated	to	Ra	concentrations	are	0.1,	847	

0.5,	0.7	and	0.8	dpm·100L-1	for	223Ra,	224Ra,	226Ra	and	228Ra,	respectively.	Stations	#29	848	

and	#32	are	outside	the	harbor.	849	

	850	

Figure	4.	Resuspension	of	sediments	produced	by	the	undocking	maneuver	of	a	851	

vessel	(draft	~6	m)	departing	from	the	Port	of	Maó.		852	

	853	

Figure	5.	Concentration	of	suspended	particles	(in	μL·L-1)	in	waters	of	the	inner	part	854	

of	the	harbor	recorded	during	two	days	by	laser	in	situ	scattering	and	855	

transmissometry	(LISST).	Black	lines	represent	the	depth	profiles	conducted	by	LISST	856	

and	used	to	derive	the	interpolation.	The	maneuvering	of	the	deep	draft	vessel	to	857	

dock	and	undock	is	represented	with	a	white	dashed-line.	Notice	that	no	858	
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measurements	were	conducted	after	the	resuspension	events	occurred	at	the	third	859	

day	of	monitoring.	860	

	861	

Figure	6.	Variation	of	the	Ra	concentrations	in	surface	waters	of	the	inner	part	of	the	862	

harbor	recorded	during	the	three-day	intensive	monitoring.	Grey	areas	reflect	the	863	

maneuvering	of	deep	draft	vessels	to	dock.	Average	uncertainties	associated	to	Ra	864	

concentrations	are	0.1,	0.7,	0.8	and	0.8	dpm·100L-1	for	223Ra,	224Ra,	226Ra	and	228Ra,	865	

respectively.	Ra	concentrations	and	patterns	in	deep	waters	were	similar	to	those	866	

shown	for	surface	waters.	867	

	868	

Figure	7.	Contribution	of	different	sources	(diffusion	from	sediments,	sediment	869	

resuspension	events,	stream	discharge	and	SGD)	to	the	224Ra	and	228Ra	total	inputs	to	870	

the	Port	of	Maó	in	all	the	seasonal	surveys	conducted.		871	

	  872	
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FIGURE	1	873	
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FIGURE	2	875	
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FIGURE	3	877	
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FIGURE	4	879	
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FIGURE	5	881	
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FIGURE	6	883	
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FIGURE	7	885	
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