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Environmental context. Many trace metals, including copper, are only sparingly soluble in seawater andmay
exist in both dissolved and particulate forms (e.g. as precipitates). Aquatic organisms may experience different
toxic effects from exposure to dissolved and particulate tracemetals. This study investigates how concentration,
reaction time and changes to precipitate composition/mineral formation affect copper solubility in seawater,
thus influencing metal bioavailability and toxicity in the field and laboratory.

Abstract. A lack of knowledge on the solubility of metals such as copper affects the ability to predict the forms

(dissolved and particulate) that organisms are exposed to in field and laboratory waters. Laboratory tests were conducted
where copper (total concentrations of 0.5 to 20 mg L�1) was added to natural and artificial seawater (pH 8.15, 22 8C),
equilibrated for 28 days and dissolved copper monitored at periodic intervals. At 0.5 mg L�1, dissolved copper

concentrations remained stable over 28 days and no precipitates were detected. However, at higher total copper
concentrations, an initial rapid precipitation phase was followed by the establishment of a metastable equilibrium that
persisted for periods of days to weeks, and whose solubility concentrations and duration were influenced by the total

copper concentration and typically in the range 0.6 to 0.9 mg L�1. After 5 to 15 days, a step change decrease in dissolved
copper concentration followed by a slow decline was observed in the.2 mg L�1 total copper treatments. The minimum
solubility measured after 28 days was 0.053 mg L�1. Elemental and X-ray diffraction analyses indicated that the copper

precipitates comprised similar proportions of amorphous copper hydroxycarbonate and amorphous dicopper trihydr-
oxide chloride after 1 day and transformed to predominantly mineralised dicopper trihydroxide chloride in the
clinoatacamite polymorph form after 28 days. These observations have particular relevance for toxicity tests of less
sensitive organisms and highlight the need to consider metal solubility, exposure to precipitates and changes in

precipitate mineral phases.
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Introduction

Experimental studies of environmental systems often require the

preparation of spiked solutions containing trace metals at con-
centrations far greater than experienced in the natural environ-
ment. Typical examples are the test solutions prepared by

ecotoxicologists for use in the determination of toxicity test dose–
responsecurves (Burton andFisher 1990;Levy et al. 2008;Luoma
and Rainbow 2008) and the metal-spiked solutions equilibrated

with natural sediments for the determination of adsorption iso-
therms (Frimmel and Huber 1996; Wang et al. 1997; Hua et al.
2012). Frequently, the concentrations used extend over several
orders of magnitude. Given that most trace metals are sparingly

soluble in naturalwaters, an important consideration in all of these
applications is the limit of solubility of the metal in solution. At
spiking concentrations exceeding the solubility limit, precipitates

are expected to form, which may dramatically influence the out-
comes of experiments. For instance, the presence of varying
concentrations of dissolved and precipitated forms of ametal over

a toxicity test duration presents a problem for understanding

exposure pathways to test organisms. Both dissolved and partic-
ulate metal species may be toxic but are likely to have different

modes of action and relative toxicities (Golding et al. 2015).
For the non-specialist, obtaining information on the solubil-

ity of manymetals in natural waters that can guide experimental

design can be difficult, as there are no comprehensive compila-
tions available in the scientific literature. Solubility limit esti-
mates can be obtained using computer modelling programs such

asVisual Minteq (Gustafsson 2015), but these require the user to
assign the mineral phase controlling solubility. Often the pre-
cipitating phase is of unknown composition or there is uncer-
tainty as to which mineral controls solubility. The situation is

further complicated by the relatively short timescales of toxicity
tests (hours to days) and other laboratory experiments where
solutions cannot be assumed to have attained true thermody-

namic equilibrium, which is a necessary assumption of the
computer modelling approach. Often metastable equilibria can
be established that may persist for relatively long durations

(Stumm and Morgan 1996; Hidmi and Edwards 1999). Such
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constraints lead to a trial and error approach in experimental

design where solubility limits are often not taken into account.
Metal solubility is commonly determined by equilibrating an

excess of preformed precipitates or minerals with water and

measuring dissolved metal concentrations periodically (Symes
and Kester 1985; Savenko and Shatalov 1998; Hidmi and
Edwards 1999). When the dissolved concentrations plateau,
this is assumed to be the limit of solubility of the selected phase.

An alternative, less-utilised approach involves addition of an
excess of dissolved metal to the solution to trigger precipitation.
The mixtures are then equilibrated and sampled at various time

intervals until dissolved metal concentrations are stable (Angel
et al. 2016a, 2016b). It is assumed that the solubility limit is
independent of the mass of precipitate in solution. It should be

noted that the precipitation approach makes no prior assump-
tions on the identity of the precipitating phase. If the system is
allowed to attain true thermodynamic equilibrium, both meth-
ods should yield the same results.

Copper is regarded as one of the more toxic metals in marine
ecosystems. Dissolved copper concentrations in marine waters
are typically in the range ,0.01–0.1 mg L�1 in the open ocean

(Kremling and Pohl 1989; Donat and van den Berg 1992; Angel
et al. 2010a) and often orders of magnitude higher in coastal
waters (Apte and Day 1998; Angel et al. 2010a; Gaulier et al.

2019) owing to numerous anthropogenic inputs of copper.
Surprisingly few studies have investigated copper solubility

in seawater and they have tended to focus on identifying the

minerals that are formed. In his classic work on metal precipita-
tion in natural seawater conducted over 60 years ago, Krauskopf
(1956) determined the solubility of copper to be between 0.4 and
0.8 mg L�1. In a preliminary test of copper solubility before

conducting toxicity testing, Furuta et al. (2008) measured con-
centrations of dissolved copper of 0.5–0.8 mg L�1 after 24 h
in copper-spiked natural and artificial seawater. Savenko

and Shatalov (1998) measured the solubility of atacamite
(Cu2(OH)3Cl) in artificial seawater at 22 8C over a range of pH
values and reported that it was fairly stable between pH 7.8 and

8.2 at 0.083 � 0.025 mg L�1. Copper predominantly forms
precipitates with carbonates, chlorides, hydroxides and oxides.
The minerals most commonly formed under oxygenated condi-
tions aremalachite, and the polymorphs atacamite (Cu2(OH)3Cl),

clinoatacamite and botallackite (Bianchi and Longhi 1973; Grice
et al. 1996; Jambor et al. 1996; Krivovichev et al. 2017). The
formation of malachite and atacamite polymorphs is most com-

monly mentioned in seawater. There is strong competition
between these two minerals that is dependent on the concentra-
tion of bicarbonate in seawater, with atacamite polymorphs

slightly favoured in most natural seawaters and malachite
favoured as the bicarbonate concentration increases (Bianchi
and Longhi 1973; North and McLeod 1987).

In the present study, we investigate the solubility of copper in
seawater in experiments that simulate the scenario of prepara-
tion of metal-spiked solutions for use in experimental studies
such as toxicity testing. The aims of this study were to gain

insight into factors affecting the solubility of copper in seawater
at its natural pH and over timescales relevant to laboratory and
field studies. Copper solubilities in both natural and artificial

seawater were determined in order to assess the effects of natural
organic matter on metal solubility. A comparison of filtered
copper in ,0.45- and ,0.025-mm size fractions was measured

to determine if colloidal copper was a significant component. To
further inform the study, the composition of precipitates formed
in seawater was investigated.

Experimental

General analytical procedures

All plasticware was acid-washed before use by soaking in 10%

(v/v) nitric acid (Tracepur, Merck, Darmstadt, Germany) for
24 h, followed by at least five rinses with deionised water
(18MO cm,Milli-Q,Millipore). All chemicals used in the study

were of analytical reagent grade or better. Measurements of pH
were carried out using a Wissenschaftlich-Technische Werk-
stattan (WTW, Weilheim, Germany) meter equipped with a pH
probe (Orion Sure-flow combination pH 9165BN). The pH

probe was calibrated against commercially available pH 4.00,
7.00 and 10.00 buffers (Orion Pacific, Sydney, NSW,Australia).
Seawater used for solubility tests and calibration standards was

collected from Cronulla, NSW, Australia (35%, pH 8.15, dis-
solved organic carbon 1 mg L�1), filtered through 0.45-mm
membrane filters (Millipore HA mixed-cellulose esters) and

stored refrigerated (2–4 8C) in the dark for a maximum of 3
months before use. Artificial seawater was prepared according
to the recipe of Kester et al. (1967). Major cation concentrations

were checked using inductively coupled plasma atomic emis-
sion spectrometry (ICPAES, Varian 730 ES) to confirm the
solution composition.

Metal, chloride and sulfur concentrations were determined

by ICPAES using matrix-matched standards prepared by the
addition of MES-04-1 multielement standard (Accustandard,
New Haven, CT, USA) to filtered seawater and preserved with

0.2%nitric acid (Tracepur) as described byAngel et al. (2016a).
Copper concentrations were determined using the mean of
ICPAES wavelength lines 324.754 and 327.395 nm with a limit

of detection (LOD) of 0.4 mg L�1 (calculated as 3� the standard
deviation of the mean seawater blank, n ¼ 18). The quality
control and quality assurance for each sample batch analysis
included deionised water filtration blanks, spike recoveries on at

least 10% of samples as a check of matrix effects, and analysis
of an independent copper standard (Accustandard) as a check of
the calibration accuracy.

Copper solubility in seawater

A 1000 mg Cu L�1 stock solution was prepared in a polycar-
bonate container by dissolving 1.96 g of CuSO4.5H2O (Ajax

Finechem, Univar�, analytical reagent grade) in 0.5 L of
deionised water. The final pH of this solution was 4.57.

Copper solubility test treatments were conducted in 200 mL

of natural and artificial seawater prepared in triplicate in
polycarbonate containers. Three separate tests were performed
for each water type. Each test contained a range of, but not
always all, concentration treatments, so that the total number of

replicates for a given treatment tested in all three tests was in the
range 3 to 9. Nominal treatment concentrations of 0.5, 1, 2, 5, 10
and 20 mg Cu L�1 were prepared by pipetting appropriate

aliquots (#2% of final volume to maintain salinity and prevent
significant decreases in the solution carbonate concentration) of
the stock solution into filtered natural and artificial seawater.

The treatments were shaken vigorously for 1 min, the pH
measured, and for most treatments because the pH varied by
0.1–0.2 pH units, an adjustment to pH 8.15 � 0.05 was

performed by the addition of a small volumes of 1 M NaOH
(Angel et al. 2016b). The treatments were contained in capped
vials that weremixed during aging by placing on a bottle agitator
(60 rpm) at 22 8C in the dark in a temperature-controlled room,

and the pH of the solutions was checked every few days to
ensure they remained in the desired range (8.15 � 0.05). The
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vials were uncapped for,30 min during measurement of pH to

allow gas exchange of the headspace. To determine if mixing
had any effect on solubility, an additional 5 mg L�1 total copper
treatment was allowed to stand without mixing and sampled at

the same time as a mixed 5 mg L�1 treatment.
At selected times (0, 0.08, 0.33, 1, 2, 3, 4, 7, 14, 28 days), the

solutions were shaken for 10 s and 15 mL subsamples were
withdrawn using a syringe (Terumo) and filtered (deionised

water-rinsed 0.45-mm cellulose nitrate filter, 25 mm, Sartorius,
Minisart, Goettingen, Germany) into receiving vials for the
analysis of dissolved (,0.45 mm) metals. For the 0.5, 1, 2 and

5 mg L�1 treatments, a subsample was withdrawn by pipette for
total copper analysis and another subsample was filtered
through a 0.025-mm membrane filter (47 mm, mixed-cellulose

esters, type HA,Millipore) to check for the presence of colloidal
copper in the 0.025–0.45-mm size range. The samples were
preserved by acidification to 0.2% (v/v) with concentrated nitric
acid (Tracepure) immediately after filtration. The total copper

concentrations measured represented 88–99% of the nominal
concentration (Fig. S1b, Supplementary material). Deviations
between nominal and total copper increased slightly as the

concentration increased, suggesting deposition of particulates
between shaking and subsampling was responsible for the
difference rather than copper adsorption to plasticware surfaces.

The spike recoveries were in the range 91–107% (n ¼ 89) and
90–102% (n ¼ 116) for natural and artificial seawater copper
analysis respectively by ICPAES.

Copper precipitate composition

The X-ray diffraction (XRD) spectra, and metal, sulfur, carbon
and chloride contents of the precipitates were measured to pro-

vide information on the likely geochemical composition of the
precipitates formed 1, 7 and 28 days after spiking with copper.
For measurements of precipitate mass, copper, chloride and

sulfur concentrations, 2-L treatment volumes of 20 mg L�1 total
copper in natural and artificial seawater were prepared in poly-
ethylene bottles (Nalgene) and equilibrated for 1, 7 and 28 days as

described previously, before filtering onto preweighed mem-
brane filters (47 mm, mixed cellulose esters, 0.45 mmmembrane
filters typeHA) (Angel et al. 2016b). The filtration apparatus was
then rapidly rinsed with,20 mL of deionised water while under

vacuum to remove residual seawater salts that would contribute
to the mass. The precipitates were dried in an oven at 50 8C,
cooled in a desiccator and reweighed to constant weight.

The analysis of precipitate copper, chloride and sulfur was
performed by transferring the filters into acid-washed 250-mL
polycarbonate vials followed by the addition of 18 mL of

deionised water. The treatments were then mixed and stored for
2 days to allowhydration of the precipitates to prevent passivation
by the subsequent addition of nitric acid, which was observed in

preliminary tests by the presence of undigested precipitates. After
2 days of hydration, 2 mL of concentrated nitric acid (Tracepure)
was pipetted into the treatments to achieve 10% v/v. The treat-
ments were mixed vigorously and allowed to stand for a further

48 h at room temperature before dilutions of these solutions were
performed in 0.2% v/v nitric acid (Tracepure). The analytes
analysed by ICPAES included Ag, Al, As, B, Ba, Be, Ca, Cd,

Ce, Cl, Co, Cr, Cu, Fe, K, Li, Mg, Mn, Na, Ni, P, Pb, S, Se, Sr,
Ti, V, Zn. Membrane filter blanks showed no significant metal
contribution and spike recoveries of 93–104% indicated negligi-

ble contamination or matrix artefacts during analysis.
For XRD analyses andmeasurement of the carbonate content

of the precipitate, 2 L of a 20 mg L�1 total copper solution was

prepared in Nalgene bottles as above for each of the 1-, 7- and

28-day durations in natural and artificial seawater. At each time
point, the treatment solutions were decanted into centrifuge
tubes and centrifuged at 2000 g and 22 8C for 5 min to form a

pellet, followed by removal of the supernatant. The precipitate
pellets were thoroughly rinsed with deionised water, followed
by drying in an oven at 50 8C.

The method described by Ohlsson andWallmark (1999) was

used to determine the carbon content of the precipitates. In brief,
the dried samples were weighed into tin capsules and introduced
sequentially into an elemental analyser (Thermo Fisher Flash

2000 HT EA) where the carbon was combusted (1020 8C) into
CO2 in a furnace. The gas was then passed through a water trap
before the CO2 was passed through a gas chromatography

column at 40 8C followed by transfer to an isotopic ratio mass
spectrometer (Thermo Fisher Conflo IV) for measurement of
total carbon.

For the XRD analysis, the dried precipitates were deposited

onto silicon single-crystal low-background holders with light
pressure applied to the front of the sample using a glass slide to
provide a flat surface for analysis. XRD patterns were measured

with a PANalytical X’Pert Pro Multipurpose diffractometer
using Fe-filtered Co Ka radiation, auto divergence slit, 1 8
antiscatter slit and fast X’Celerator Si strip detector. The

diffraction patterns were recorded in steps of 0.016 8 2y with a
total counting time of 30 min.

Thermodynamic modelling

Predictions of copper solubility in seawater were performed
using Visual Minteq version 3.1 (Gustafsson 2015). The calcu-
lations were run with the potential precipitating mineral phases
atacamite (clinoatacamite constants were not available in the

database), malachite, tenorite and copper hydroxide. The results
obtained using atacamite and malachite are discussed because
their polymorphs (clinoatacamite) or amorphous precursors

(dicopper hydroxycarbonate) were the dominant solid phases
detected in test solutions. The following input parameters were
used: salinity 35%, the major ion composition for surface sea-

water as summarised by Pilson (1998), temperature 22 8C, ionic
strength 0.7 mol L�1. The calculations were run using the
thermodynamic constants from theMinteq database without any

further modifications. Separate modelling runs were carried out
using activity corrections computed using the extended Debye–
Hückel equation and the Davies equation, whose outputs dif-
fered by less than 6%.

Results

Measured copper solubility in seawater

The solubility measurements conducted in this study were made
over a duration of 28 days. Although not stated in the text below,

it should be noted that the solubility limits reported are
‘apparent’ limits of solubility because they are conditional on
several factors such as the timescale of observations, major ion

composition, temperature, pH and total copper concentration.
Dissolved copper concentrations in natural and artificial

seawater measured at time points over 28 days for the different

added copper concentrations are shown in Fig. 1 and Table S1 in
the Supplementary material. Similar trends were generally
observed in both natural and artificial seawater for any given
added copper concentration over time. For 0.5 mg Cu L�1, the

dissolved copper concentrations remained steady over the
28-day duration of the test. An initial phase of precipitation

Copper solubility in seawater
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occurred rapidly within the first hour, ranging from 20% of

added copper precipitating in the 1mgCu L�1 treatment to 96%
at 20 mg Cu L�1. For total concentrations of$1 mg Cu L�1, the
concentration of dissolved copper was highest in the first hour

after spiking treatments and generally decreased with time. The
highest dissolved copper concentrations, recorded immediately
after spiking of the 5 mg Cu L�1 treatments, were 1180 and
1250 mg L�1 in natural and artificial seawater respectively.

The dissolved copper in the 1 mg Cu L�1 treatments
exhibited a decrease in concentration in the first few days post
spiking, followed by remaining relatively steady, with mean

(�s.d.) concentrations of 0.65 � 0.06 and 0.62 � 0.15 mg Cu
L�1 in natural and artificial seawater (at pH 8.15 and 22 8C)
respectively.

For total copper concentrations$2mg Cu L�1, the dissolved
copper concentrationswere highest in the first few days toweeks
after spiking (Fig. 1). The relationships between the concentra-
tion of dissolved copper and the duration in seawater for these

treatments, other than 10 and 20 mg L�1 natural seawater
treatments, were characterised by decreases for 1–7 days after
spiking test solutions, followed by stabilisation for a few days to

weeks, before often exhibiting a sudden drop in concentration.
As the concentration of total copper in seawater increased, the
duration over which the dissolved copper concentration

remained stable was shorter before the rapid decrease occurred.
For the 10 and 20 mg L�1 total copper in natural seawater
treatments, the concentration of dissolved copper decreased

over time without a plateau. For the treatments that exhibited
a rapid decrease, the mean concentrations of dissolved copper
often had large error bars around the time the decrease occurred.

The copper precipitates, determined as the difference

between the total and dissolved concentrations, comprised

34.6–99.7% of the total copper in the $1 mg L�1 natural and

artificial seawater treatments after 28 days. The relationship
between the 28-day copper solubility and the copper precipitate
concentration of the $1 mg Cu L�1 treatments is shown in

Fig. 2. Over the range 1 to 5 mg L�1 of total copper, solubility
decreased as the concentration of precipitate increased. How-
ever, at total copper concentrations of $10 mg L�1, the copper
solubility was independent (i.e. not significantly different,

P . 0.05) of the precipitate concentration.
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Fig. 1. The effect of copper concentration and reaction time on solubility in natural (a, b), and artificial (c, d) seawater.
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The effect of mixing (used for experimental treatments)

compared with not mixing on copper solubility was also tested
with a 5 mg L�1 treatment over 28 days. The dissolved copper
concentration of the non-mixed treatment represented 94 to

103% of the mixed treatment, indicating mixing had a negligi-
ble effect on solubility.

Similar concentrations of copper weremeasured in the,0.45-
and,0.025-mmsize fractions over time (Fig. S1a, Supplementary

material), indicating that colloidal copper was absent in the
0.025–0.45-mm size range at all points in time during precipita-
tion. The lack of colloidal copper in the presence of precipitates

suggests that the growth of precipitates occurs rapidly. There
was also negligible filterable (,0.45 mm) aluminium, iron and
manganese in all treatments (concentrations less than 1, 0.3 and

0.2 mg L�1 respectively), suggesting inorganic colloid concentra-
tions were negligible in the test solutions.

When comparing the natural and artificial seawater treat-
ments, the main difference in the behaviour of copper occurred

in the $2 mg Cu L�1 treatments, where the concentration of
dissolved copper in the natural seawater generally decreased
more than in the artificial seawater in the 1- to 7-day period post

spiking (Fig. 1). The concentration of dissolved copper after
28 days in the 10 and 20mgL�1 total copper treatments was also
significantly (P , 0.05) lower in natural seawater than in

artificial seawater (Fig. 2). A major difference between the
two 0.45-mm-filtered seawater types that may explain the lower
solubility of copper in natural seawater is that it is likely to

contain a combination of high-molecular-weight organic mole-
cules, virus particles and small colloids, which may enhance
copper precipitation through heterogeneous nucleation. Another
explanation is that the dissolved organic carbon (DOC) present

in natural seawater is incorporated into the copper precipitate
and provides additional adsorption sites for dissolved copper
binding (Lu and Allen 2006). Unfortunately, owing to its low

concentration in seawater, potential decreases in DOC in the
presence of copper precipitates could not be detected using total
organic carbon (TOC) or spectrofluorimetric analyses.

Precipitate composition

Precipitates collected after 1, 7 and 28 days from natural and

artificial seawater were analysed for their elemental content
(ICPAES) and mineral composition (XRD). The copper
underwent rapid precipitation after spiking of the natural and

artificial seawaterwith 20mgCuL�1, with precipitatemasses of
36.4 and 36.5 mg L�1 measured after 24 h respectively. The
concentration of precipitate measured in the solutions decreased
over time in both water types, probably owing to an inability to

harvest all of it as the duration increased (Table S2, Supple-
mentary material). During filtrations, the test bottles were
observed to have a stronger bluish tinge as the time in solution

increased, which could not be removed by vigorous mixing and
rinsing, suggesting that some of the copper precipitate irre-
versibly stuck to the bottles over time. This meant that changes

in precipitate masses could not be used as a line of evidence of
precipitate mineral composition. All elemental analyses were
performed on weighed portions of dry precipitate so that cal-

culated percentages of elements in the precipitate were not
affected by the loss of precipitate mass before filtrations.

The results of the elemental analyses along with the elemental
compositions of commoncopperminerals are presented inTable 1.

The analyses of major cations (Ca, K, Mg and Na) and sulfur in
natural and artificial seawater samples spiked with copper were
similar to control waters, i.e. no significant decreases due to

incorporation into precipitates. The precipitates harvested from
the different treatments were blue with a green tinge. In prelimi-
nary tests that used oven temperatures of .50 8C to dry the

precipitates, some changed to a dark grey colour, indicating
oxidation to tenorite (Pollard et al. 1989; Hidmi and Edwards
1999). When nitric acid was added to the precipitates, there was
noticeable effervescencegeneratedby the 1- and7-dayprecipitates

(1. 7 days) indicating the presence of carbonate, but none in the
28-day precipitates.

The carbon content of the precipitates decreased with time,

with 2.3–2.8, 0.8–1.1 and 0.2–0.3% measured after 1, 7 and 28
days respectively. This equates to a carbonate content between 1.2

Table 1. Theoretical elemental composition data for copper minerals compared with the test precipitates isolated after different durations in

seawater

Substance Formula Colour Days before

sampling

% Cu % ClA % C % CO3
2– % S Effervescence

when acid addedB

Malachite CuCO3.Cu(OH)2 Green – 57.5 – 5.4 27.1 – –

Azurite 2CuCO3.Cu(OH)2 Bright blue – 55.3 – 7.0 34.8 – –

Clinoatacamite Cu2(OH)3Cl Blue green – 59.5 16.6 – – – –

Atacamite Cu2(OH)3Cl Blue green – 59.5 16.6 – – – –

Copper hydroxycarbonate Cu2(OH)2CO3 Blue green – 57.5 – 5.4 27.1 – –

Copper hydroxide Cu(OH)2 Greenish blue – 65.1 – – – – –

Antlerite Cu3(OH)4(SO4) Greenish – 53.7 – – – 9.0 –

Brochantite Cu4(OH)6SO4 Green – 56.2 – – – 7.1 –

Langite Cu4(OH)6SO4.2H2O Bright blue – 52.1 – – – 6.6 –

Tenorite CuO Steel grey – 79.9 – – – – –

Natural seawater – Blue green 1 52.6� 0.9 5.7� 1.5 2.8 14 1.2� 0.2 Strong

Natural seawater – Blue green 7 56.2� 0.7 11.3� 0.9 1.1 5.5 0.9� 0.2 Medium

Natural seawater – Blue green 28 57.3� 1.6 14.7� 0.3 0.2 1.2 0.2� 0.06 None

Artificial seawater – Blue green 1 53.1� 0.8 7.1� 2.1 2.3 12 1.2� 0.07 Strong

Artificial seawaterC – Blue green 7 55.8� 0.7 – 0.8 4.0 – Medium

Artificial seawater – Blue green 28 56.8� 1.6 14.1� 0.7 0.3 1.5 0.6� 0.4 None

AData corrected for the carry-over of solid sodium chloride.
BIndicates dissolution of carbonate.
CThere was insufficient precipitate available for the measurement of chloride or sulfur for the 7-days artificial seawater copper precipitate.
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and 14%. The copper content in the precipitate increased slightly

as the duration increased. In natural seawater, the mean� s.d.
percentage copper after 1, 7 and28dayswas52.6� 0.9, 56.2� 0.7
and 57.3� 1.6% respectively. In artificial seawater, the

mean� s.d. percentage copper after 1, 7 and 28 days was
53.1� 0.8, 55.8� 0.7 and 56.8� 1.6% respectively.

Analysis of precipitate digests by ICPAES indicated that the
concentrations of calcium, magnesium and sodium comprised

,4% of the precipitate mass as a result of carry-over from
seawater; the precipitate mass was corrected for these salts by
subtracting the respective masses of calcium carbonate, magne-

sium carbonate and sodium chloride, and the chlorine associated
with sodium chloride was subtracted from the total chloride
concentration that was measured in precipitate digests. The

concentrations of potassium, phosphorus and trace metals were
negligible (,0.2%). The precipitates contained a relatively low
but measurable amount of sulfur (0.2–1.2%), with the percent-
age decreasing as duration in seawater increased. This probably

indicates that a small amount of a sulfate-bearing coppermineral
was present in the fresh precipitates and decreased over time.

The chloride content measured in the precipitates increased

as the duration in seawater increased. In natural seawater, the
mean� s.d. percentage chloride after 1, 7 and 28 days was
5.7� 1.1, 11.3� 1.9 and 14.7� 1.2% respectively. In artificial

seawater, the mean� s.d. percentage chloride after 1 and 28
days was 7.1� 1.2 and 14.1� 1.5% respectively.

The XRD data are summarised in Table 2 and shown in Fig. 3

(natural seawater) and Fig. 4 (artificial seawater). The 1-day
natural seawater precipitate showed only very broad bands of

intensity indicative of non-crystalline material. The 1-day artifi-

cial seawater precipitate showed broad partially defined peaks.
The 7-day natural and artificial seawater precipitates showed a
seriesof broadbutwell-definedpeaks. Someof the peaks at,19 8,
38 8 and 46.5 8 2y were indicative of clinoatacamite while addi-
tional peaks at ,43 8, 54 8 and 70 8 2y were not identified. As
shown in Figs S2 and S3 (Supplementary material), the poly-
morphs atacamite and botallackite did not account for the uniden-

tified peaks at any of the durations in natural and artificial
seawater. Fig. S4 (Supplementary material) shows a comparison
of theoretical peaks of clinoatacamite and atacamite after 28 days

in artificial seawater, indicating clinoatacamite dominates. The
28-day natural and artificial seawater precipitates showed broad,
high-intensity, well-defined peaks of clinoatacamite with no

unidentified peaks.

Discussion

Changes in precipitate composition and mineralisation
during aging

The XRD analysis showed that the copper precipitates com-
prised an increasing proportion of clinoatacamite as they aged in
natural and artificial seawater. The findings of higher initial
concentrations of total carbon, effervescence and dominant

amorphous phases detected byXRD in the 1 day-old precipitates
indicated that the fresh precipitates contained significant
amounts of copper hydroxycarbonate. Predictions of the copper

compounds present in precipitates as they age, based on the
elements they contain and the percentages of those elements in
pure compounds, are shown in Table 3. All carbon was assumed

to be present in copper hydroxycarbonate and all chloride was
assumed to be in a dicopper trihydroxide chloride form (i.e. an
amorphous or mineralised polymorph). Using the percentage of
total carbon in the precipitates (2.3–2.8%) compared with that

in pure copper hydroxycarbonate (5.4%) (Table 1), the 1-day-
old precipitate is calculated to contain 42–52% of this com-
pound. Likewise, the presence of 5.7–7.1% chlorine in the

1 day-old precipitate probably indicated that the fresh pre-
cipitates contained 34–43% dicopper trihydroxide chloride, the
amorphous precursor to clinoatacamite before crystal lattice

formation. There are several copper hydroxysulfate compounds
that include similar percentages of sulfur that may have been
present as amorphous forms in the freshly formed precipitates

(e.g. antlerite, langite, brochantite; Table 1). For the purpose of
mass balance calculations, the small amount of sulfur measured
in the precipitate was assumed to be amorphous antlerite
(Cu3(SO4)(OH)4); the 1-day-old precipitate is calculated to

contain 13–17% of this compound. Copper hydroxycarbonate

Table 2. Summary of XRD data of the precipitates

Duration before

sampling

Assignment Unidentified

peaks 2y (degrees)

Natural seawater

1 day Dominant amorphous phase None

7 days Dominant amorphous phase,

some clinoatacamite

43, 54

28 days Dominant clinoatacamite None

Artificial seawater

1 day Dominant amorphous phase,

small amount of clinoatacamite

43

7 days Dominant amorphous phase,

some clinoatacamite

43, 54

28 days Dominant clinoatacamite None
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Fig. 3. XRDdiffractograms of the precipitate formed in natural seawater after 1 (left), 7 (centre), and 28 (right) days. The vertical green lines represent

the expected intensities for clinoatacamite (dicopper trihydroxide chloride, Cu2(OH)3Cl). The precipitates were rinsed with deionised water to remove

seawater salts.
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and copper hydroxysulfate decreased and dicopper trihydroxide

chloride amounts increased and transformed into clinoatacamite
as the precipitates aged so that after 28 days, they contained
4.6–5.5, 2.4–6.5 and 85–88% of these compounds respectively.

The sum of the percentages for these three compounds for the
different-aged compounds was in the range 95–103% (Table 3),
supporting the copper predominantly being in the clin-
oatacamite and copper hydroxycarbonate forms. When the

copper content measured in the precipitates was compared with
the copper content predicted using the percentages of the three
compounds in Table 3, the predictions were shown to be in the

range 97–100%, further supporting the predicted composition.
Previous studies that have made theoretical predictions of

copper precipitation in seawater at ,pH 8 have shown there is

competition between the formation of malachite and atacamite
(clinoatacamite polymorph) that is dependent on the concentra-
tion of carbonate (Bianchi and Longhi 1973; North andMcLeod
1987). The seawater used in the current studywas collected from

the Tasman Sea near the extreme south-western Pacific Ocean
and contains ,2.22 � 10�3 mol kg�1 of bicarbonate. Bianchi
and Longhi (1973) predicted that atacamite formation is

favoured at bicarbonate concentrations ,2.31 � 10�3 mol
kg�1, supporting the results of the current study where the
atacamite polymorph clinoatacamite was detected by XRD

rather than malachite.
The mineral clinoatacamite is a polymorph of botallackite

(monoclinic) and atacamite (orthorhombic) and was only dis-

covered in the mid-1990s (Grice et al. 1996; Jambor et al. 1996;
Krivovichev et al. 2017). Optical and X-ray methods are

required to distinguish between the different polymorphs

(Jambor et al. 1996). Studies before this time have mentioned
the occurrence of the other polymorphs in samples such as
oxidised ore bodies (Pollard et al. 1989), ocean geothermal vents

(Hannington 1993) and corrosion products (North and McLeod
1987). Recent studies by Li et al. (2013) and Krivovichev et al.
(2017) have found that clinoatacamite is the most stable poly-
morph so it is probable that it was present in at least some of the

samples in these older studies but not detected by the measure-
ment techniques available at that time.

The lattice energy of mineral polymorphs often only differs

by a few kilojoules per mole (Pollard et al. 1989). Krivovichev
et al. (2017) reported that the order of mineral crystallisation in
the Cu2(OH)3Cl system follows the Ostwald step rule where the

least stable and least complex polymorph forms initially, fol-
lowed by the breaking and formation of chemical bonds to form
more stable polymorphs. Botallackite is the least stable and
therefore the rarest of the naturally occurring polymorphs, but it

is a key intermediate of the other polymorphs and crystallises
first under most conditions (Pollard et al. 1989). Transforma-
tions following the Ostwald rule then occur in the sequence of

phases botallackite–atacamite–clinoatacamite where clinoata-
camite may form directly from botallackite or from atacamite
(i.e. clinoatacamite is the most stable at room temperature)

(Krivovichev et al. 2017). The likely presence of metastable
Cu2(OH)3Cl polymorphs in addition to amorphous copper
hydroxycarbonate in the fresh precipitate is likely to have

resulted in a higher solubility initially and even after 28 days
than would be measured over longer time scales.
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Fig. 4. XRDdiffractograms of the precipitate formed in artificial seawater after 1 (left), 7 (centre), and 28 (right) days. The vertical green lines represent the

expected intensities for clinoatacamite (dicopper trihydroxide chloride, Cu2(OH)3Cl). The precipitates were rinsed with deionised water to remove seawater

salts.

Table 3. Measured carbon, chlorine and sulfur and predicted percentages of compounds andminerals in copper

precipitates after different time periods

Element or compound Natural seawater Artificial seawater

1 day 7 days 28 days 1 day 7 days 28 days

Measured (%) Carbon 2.8 1.1 0.2 2.3 0.8 0.3

Chlorine 5.7 11.3 14.7 7.1 – 14.1

Sulfur 1.2 0.9 0.2 1.2 – 0.6

Predicted (%) Copper hydroxycarbonate 52 20 4.6 42 15 5.5

Clinoatacamite 34 68 88 43 – 85

AntleriteA 11 7.3 2.4 16 – 5.6

Sum of predicted compounds (%) 103 98 95 98 – 97

AAssuming all sulfur is present in the form of amorphous antlerite (tricopper sulfate tetrahydroxide), which was not

detected by XRD.
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Solubility changes with time

In order to interpret the solubility results, it is important to take
into account some of the basic principles of precipitation and

crystal formation. When considering precipitation from a solu-
tion, it is widely recognised there are three zones of importance
(Füredi-Milhofer 1980; Stumm and Morgan 1996; Pritula and
Sangwal 2015): (i) the undersaturated zone, which lies below the

solubility limit and consequently no precipitation is expected;
(ii) the supersaturated zone, where the concentration of solute is
so great that precipitation occurs spontaneously as soon the

metal solute is added to the solution or there are other changes in
condition such as changes in temperature that trigger precipi-
tation; and (iii) the metastable zone, which is intermediate

between the other two zones, where precipitation occurs slowly,
which can often lead to the development of metastable equi-
libria. Such equilibriamay persist for long durations before there

is a decline in solute concentration and true thermodynamic
equilibrium is established (Füredi-Milhofer 1980; Stumm and
Morgan 1996). Precipitation is triggered by the presence of
nucleation sites, which can be heterogenous or homogeneous. In

the case of artificial seawater, it is likely that homogeneous
nucleation predominates. However, in natural seawater, the
presence of high-molecular-weight organic molecules, virus

particles and small colloids is likely to additionally enhance
precipitation through heterogeneous nucleation.

An additional complicating factor is the transformation of

solid phases over the time course of the experiment. Consistent
with the Ostwald step rule (Krivovichev et al. 2017), amorphous
copper phases are predicted to transform to more crystalline

thermodynamically stable phases with lower solubility. The
solubility of freshly precipitated phases may be orders of magni-
tude higher than aged precipitate phases (Savenko and Shatalov
1998). Such transitions in precipitate composition are expected to

drive the dissolved copper concentrations downwards.
A conceptual model of copper precipitation in seawater is

shown in Fig. 5. The minimum solubility of 0.053 mg L�1

measured in the present study after 28 days is assumed to approxi-
mate the solubility limit for clinoatacamite, although it may
decrease further over longer time scales. It was therefore assumed

that the higher dissolved copper concentrations that persisted in
solution for lengthy durations are in the zone of metastability, with

the duration of metastability decreasing as the concentration of
precipitates in solution increased. The higher dissolved copper
concentration observed over the first 7 days is also likely to be
influenced by the higher solubility of the amorphous phases that

initially precipitate. At 0.5 mg L�1 total copper, dissolved copper
concentrations remained stable over 28 days and no precipitates
were detected, i.e. a metastable state persisted for the 28 days. The

duration over which the 0.5 mg L�1 copper treatments will remain
metastable is unknown, but at some stage heterogeneous nucle-
ation (with solution colloids, etc.) will result in precipitation.

However, at higher total copper concentrations (2–20 mg L�1),
initial rapid precipitation occurred during the first hour, which was
followed by the establishment of metastable equilibria that per-

sisted for periods of several days. The concentration of dissolved
copper reached as high as 1250 mg L�1 in the first few hours after
spiking, before decreasing owing to exceedance of the metastable
equilibrium concentration range. The metastable equilibrium

solubility concentrations and durations were influenced by the
total copper concentration and were typically in the range 0.6 to
0.9mgL�1. After 5 to 15 days, a step change decrease in dissolved

copper concentration was observed in the 2–20 mg L�1 total
copper treatments, followed by a slow decline in concentration.
The final dissolved copper concentrations observed after 28 days

were related to the precipitate concentrations.
The rapid decreases in the concentration of dissolved copper

that were often measured for the $2 mg Cu L�1 treatments

generally occurred after 14–21 days and coincided with an

increase in clinoatacamite (Figs 3 and 4). The mechanism

leading to the rapid loss of dissolved copper is attributed to

the lower solubility of clinoatacamite. The finding of decreasing

dissolved copper concentrations in the solubility tests as the

precipitates aged and/or changed composition is similar to

previous findings reported for aluminium and lead solubility

studies (Angel et al. 2016a, 2016b). The change in aluminium

precipitate composition also coincided with decreased solubil-

ity, supporting the decreases in the current study being driven by

changes in the composition of the precipitate.
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phases to clinoatacamite 
possibly via intermediates: 
botallackite and atacamite?
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Fig. 5. Conceptual model depicting the processes that control the solubility of dissolved copper (dCu) in seawater.
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Modelling of copper solubility in seawater

The solubility limits for copper in seawater (pH 8.15, 22 8C)
were calculated using VMinteq, assuming malachite
(mineralised copper hydroxycarbonate) and atacamite
(clinoatacamite polymorph) as the precipitating phases. Mala-

chite was not actually detected by XRD in the precipitates, but
rather its amorphous precursor, copper hydroxycarbonate, is
likely to have been present (Table 3), which is likely to have a
higher solubility. Atacamite was selected because stability

constants for clinoatacamite were not available in VMinteq. The
predicted solubility limits were 0.018 and 0.022 mg L�1 for
malachite and atacamite respectively, whichwere lower than the

solubilities measured in our experiments where the lowest
concentration recorded after 28 days was 0.053 mg L�1. These
calculations illustrate the limited value of thermodynamic

modelling calculations of solubilities for informing short-term
experiments, where amorphous and metastable compounds
control solubility rather than highly crystalline forms repre-

sented in thermodynamic modelling databases. Similar dis-
crepancies have been reported between predicted and measured
solubilities in other studies. Savenko and Shatalov (1998)
reported that the solubility of atacamite in seawater between

pH 7.8 and 8.2 was 0.083 � 0.025 mg L�1.

Relevance to toxicity testing

The current study demonstrates that the formation of copper
precipitates occurs quickly in marine toxicity test waters when
total copper concentrations exceed 1 mg L�1. This has rele-

vance for toxicity tests involving species of marine organisms
that require higher concentrations of dissolved copper to obtain
a full dose–response curve. Most species are quite sensitive to
copper and effects concentrations will be lower than the solu-

bility limits that we measured after 28 days in natural and
artificial seawater. However, some species, particularly certain
fish, require higher concentrations to elicit toxic effects (Chen

and Lin 2001; Furuta et al. 2008; Adeyemi and Klerks 2012;
Wu et al. 2019). Toxicity tests with fish are also generally
longer than the test durations used in tests with lower trophic

species, allowing greater precipitate formation and changes in
composition to occur. A survey of the literature from the past
25 years indicated several studies where the highest exposure

concentrations in toxicity tests have exceeded 5 mg Cu L�1

(e.g. Valdovinos and Zuniga 2002; Ma et al. 2020; Wang et al.
2020). Toxicity endpoints have also been reported at con-
centrations higher than the solubility limits of copper in sea-

water determined in the current study. For instance, the 7-day
concentration that caused 50% lethality (LC50) for marine
medaka (Oryzias melastigma) larval survival was 10.2 mg L�1

(Wong et al. 1999) and the 96-h LC50 for the juvenile shrimp
Penaeus japonicus Bate was 2.1 mg L�1 (Bambang et al.
1995). It is surprising that the authors did not report evidence of

precipitation. Concentrations of total copper were also higher
than the solubility limit in 24–96-h pulsed exposure tests with
the amphipod Melita plumulosa (Angel et al. 2010b)
(concentrations up to 1.2 mg L�1) and in 72-h toxicity tests

with the green alga Dunaliella tertiolecta (Levy et al. 2008)
(concentrations up to 0.9 mg L�1). Decreases in measured
dissolved copper concentrations in these studies were attrib-

uted to adsorptive losses to the surface of organisms and test
vessels but precipitation is also likely to have contributed.
Total copper concentrations were not measured in these studies

for comparison with dissolved concentrations to confirm this.

An understanding of the solubility limit and the factors that

affect solubility and precipitate composition is important for
interpreting organism responses in toxicity and bioaccumulation
tests where metal precipitates may influence organism

responses in addition to dissolved metal species (Golding
et al. 2015). In cases where metal precipitates exert toxicity,
changes in the composition or mineralisation of the precipitate
are likely to alter the toxicity of the precipitate. When toxicity

tests require total copper concentrations above the solubility
limit in this study, it is recommended that flow-through systems
or static renewal of test solutions be employed (Chen and Lin

2001; Furuta et al. 2008). These measures will minimise
precipitation but may not prevent it entirely for high total copper
concentrations that undergo rapid precipitation (Fig. 1). Mea-

suring the dissolved concentrations of copper at the start and end
of tests is recommended as a minimum requirement for under-
standing exposure. Additional measurements during the test and
the measurement of total concentrations when using high con-

centrations are beneficial to better understand exposure.

Conclusions

This study illustrates the complexity of copper precipitation in
seawater (pH 8.15, 22 8C) over a time scale of 0 to 28 days.
Depending on the total copper concentration, metastable equi-

libria may persist for several days to weeks, resulting in dis-
solved copper concentrations in the range of 0.6 to 0.9 mg L�1

that are far higher than the estimated equilibrium solubility of

0.05 mg L�1 for the most stable mineral phase, clinoatacamite.
The precipitates that formed after 1 day comprised similar

proportions of amorphous copper hydroxycarbonate and hydro-
xychloride species that transformed into mineralised clinoata-

camite as they aged. A rapid decrease in the concentration of
dissolved copper appeared to coincide with the formation of the
less soluble clinoatacamite.

These findings have particular relevance for laboratory toxic-
ity tests where there is a need to prepare test solutions of copper
concentrations that span several orders of magnitude. Clearly, at

total copper concentrations that exceed ,1 mg L�1, organisms
will be exposed to a mixture of dissolved and particulate forms
whose concentrations change depending on the precipitate con-

centration. Additionally, the chemical composition of the precipi-
tate is dynamic andwill changewith time. This reinforces the need
to monitor concentrations of dissolved and particulate copper in
the toxicity test exposure systemover time, in order to relatemetal

form to observed toxicity. Overall, the study highlights the need
for experimental determination of solubility and characterisation
of the mineral phases that precipitate from solution.

Supplementary material

The supplementary material includes means and standard

deviations of dissolved copper concentrations measured in sol-
ubility test solutions, measured precipitate concentrations in test
solutions, comparisons of ,0.025 mm, ,0.45 mm and total

copper concentrations in test solutions and XRD diffractograms
with the expected intensities of the clinoatacamite polymorphs
atacamite and botallackite to demonstrate these polymorphs

were not present.
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