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Appendix S1. Detailed results on sediment and water physicochemistry 

Cu experiment – physicochemistry 

During the test chamber incubation, Cu was released from the sediments into the 

overlying water and the flux of Cu decreased rapidly during equilibration (Figure S1). For Ocoee 

sediments, freshly spiked sediments released Cu about 1.5× faster than the aged sediments (p 

< 0.001). For the high total Cu concentration (310 and 760 mg kg-1 treatments) Dow sediments, 

Cu flux was much faster from freshly spiked sediments than aged ones (10–30× greater flux), 

but low CuTOT sediments (52 and 140 mg kg-1) had a similar Cu flux regardless of sediment 

preparation (p < 0.001). Across all treatments, Cu fluxes exhibited a negative power-law 

relationship with time, which indicates that fluxes from sediment declined very rapidly during 

equilibration. 

During the Hyalella azteca exposure, we observed many differences in sediment 

physicochemistry between the two sediment preparations and some differences between Dow 

and Ocoee sediments. At the beginning of the exposure period, pH of freshly spiked sediments 

was less than aged sediment, and the pH of freshly spiked sediments was negatively correlated 

to CuTOT (Figure S2). Hydrolysis of CuCl2 added during the spiking procedure reduced the 

sediment pH (Hutchins et al. 2009) at the beginning of exposure, but the pH returned to pre-

spike pH and was similar across all Cu treatments by the end of the exposure period (Figure 

S2). As expected, AVS was negatively related to CuTOT in both freshly spiked and aged Ocoee 

and Dow sediments, and the sulfide-rich Ocoee sediments had greater AVS concentrations in 

aged sediments when compared to those freshly spiked (Cu × Preparation, p = 0.016). For both 

aged and freshly spiked Ocoee sediments, AVS was lower in surficial sediments (Cu × Depth, p 

= 0.002) and at the end of the exposure period compared to the start of the bioassay (Cu × 

Time, p = 0.012). These results are consistent with observations that oxidation of surface 

sediment (and lower pH) decreases concentrations of AVS and presumably metal sulfides (De 

Jonge et al. 2012, Simpson et al. 2012, Costello et al. 2015, 2016). For the relatively low-sulfide 

Dow sediment (AVS < 1 µmol g-1), we observed no differences of AVS among sediment 

preparations, depths, or times (p > 0.05). 

Sediment Fe and Mn concentrations were relatively similar between sediment 

preparations, but changes were observed during the exposure period. Total Fe was stable in 

Dow sediments but declined through time slightly in all Ocoee sediments (−10%; p = 0.003); the 

decline in total Fe was coupled with a similar 10% decline in concentration of amorphous Fe 

oxides (p = 0.028). Amorphous Fe oxides in Dow sediments were stable but crystalline Fe 

oxides declined through time in surface sediments only (−15%; p = 0.045). Amorphous Fe 
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oxides accounted for a larger fraction of FeTOT in Dow than Ocoee sediments (19 and 7%, 

respectively), but Ocoee sediments had a greater fraction of Fe as crystalline oxide minerals 

than Dow (47 and 25%, respectively). Total and oxidized Mn declined slightly through time in 

Dow sediments (−11% and 7%, respectively; p = 0.04). Although total Mn was stable in Ocoee 

sediments, oxidized Mn declined through time (−11%; p = 0.025) and was in lower 

concentration in freshly spiked than aged sediments (14% less; p = 0.008).  

The two metal amendment approaches produced sediments with statistically similar 

CuTOT concentrations (p > 0.05), but the partitioning of Cu differed between freshly spiked and 

aged sediments. For all Cu-amended sediments, porewater Cu concentrations increased with 

CuTOT, but the partitioning of Cu between aqueous and particulate fractions (i.e., KD) differed 

between Ocoee and Dow sediments. For Ocoee sediments, KD did not differ (p = 0.70) between 

the freshly spiked treatment (log KD = 5.14 ± 0.23 L kg-1) and the aged sediment (log KD = 5.05 ± 

0.59 L kg-1, Figure S3). For Dow sediment, aged sediment had a KD (log KD = 4.35 ± 0.64 L kg-1) 

that was slightly greater than freshly spiked sediments (log KD = 3.62 ± 0.84 L kg-1, Figure S3), 

but the difference was not statistically significant (p = 0.07). For both Ocoee and Dow sediment, 

there was no statistically significant change in partitioning between the start and end of the 

bioassay (p = 0.50 and 0.11, respectively).  

Within the solid-phase fractions, the partitioning of Cu differed between aged and freshly 

spiked sediments. Among all Cu fractions in both sediments and preparation techniques, the 

concentration of Cu from each selective extraction was related positively to CuTOT (p < 0.001 for 

all), thus all differences discussed are relative to CuTOT. Copper extracted during the AVS 

procedure (i.e., CuSEM) was similar among all treatments and times for freshly spiked and aged 

Ocoee sediment (p = 0.09), but freshly spiked Dow sediment had a greater fraction of CuSEM 

than aged Dow sediment (p < 0.001). In Dow sediments, a greater proportion of Cu was bound 

to amorphous Fe oxides (0.5–1.4%) and crystalline Fe oxides (3–11%) than in Ocoee 

sediments (CuHFO/CuTOT = 0.06–0.2% and CuCFO/CuTOT = 0.8–2.4%). For both Dow and Ocoee 

sediments, freshly spiked sediments had greater CuHFO concentrations than aged sediments (p 

< 0.001 and 0.04, respectively). In Dow sediments, CuHFO concentrations were lower at the end 

of the experiment than beginning (p = 0.02), but CuHFO in Ocoee sediments remained stable 

through time (p = 0.28). For both Dow and Ocoee, CuCFO was greater in freshly spiked 

sediments than aged sediments (p < 0.03), which was similar to patterns observed for CuHFO. 

CuCFO declined in freshly spiked Ocoee surface sediments, but CuCFO concentrations in all aged 

sediments were stable through time (Time × Depth × Treatment, p = 0.002). In Dow aged 
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sediments, CuCFO increased through time in deep sediments, but CuCFO in freshly spiked 

sediments did not change through time (Time × Depth × Treatment, p = 0.01). 

Ni experiment – physicochemistry 

During the equilibration and exposure period, Ni was released into the water column, 

and the flux of Ni was related positively to the sediment Ni concentration (p < 0.001) (Figure 

S4). Through time, the flux of Ni from all Raisin sediments declined logarithmically (p = 0.025), 

but Ni flux from Burntwood sediment did not change through time (p = 0.25) (Figure S4). For 

both Raisin and Burntwood sediments, there was no difference in Ni flux between freshly spiked 

and aged sediments (p > 0.13). The rapid rate of overlying water exchange (8 times daily) led to 

filtered Ni concentrations that were low during the exposure period (95% of observations <60 µg 

L-1) and below the toxicity threshold for H. azteca (Besser et al. 2013). 

Sediment physicochemical characteristics differed between the two sediment 

preparations (i.e., freshly spiked vs. aged), with Raisin and Burntwood sediments having 

different responses to preparation treatments. Sediment pH was higher in surface than deep 

sediment across all preparation techniques, sediment types, and sampling periods (Figure S5). 

In Burntwood sediments, pH ranged 6.9–7.4 and was weakly related to NiTOT; the pH of the 

control sediment differed from that of the highest Ni treatment by <0.1 pH units. At the start of 

the H. azteca toxicity assay, pH was lower in the freshly spiked treatments than in the aged 

sediments (p < 0.001) (Figure S5). In the aged sediments, pH declined during the exposure 

period, but we were unable to measure pH in the freshly spiked sediments due to electrode 

malfunction. In Raisin sediment, aged sediments had a higher pH than freshly spiked sediments 

across all time periods and NiTOT treatments (p < 0.001) (Figure S5). There was a slight positive 

relationship between pH and NiTOT, likely due to NaOH added as a hydrolysis buffer during Ni 

amendments, and the pH increase with NiTOT was strongest in freshly spiked sediments at the 

end of the exposure period (Figure S5). Although pH in Raisin sediment varied more than that in 

Burntwood sediment, the pH remained circumneutral (range 6.8–7.5) and would likely not 

drastically change either Ni speciation or toxicity. In Raisin sediment, AVS was negatively 

related to NiTOT (p < 0.001), likely due to formation of insoluble NiS (Simpson et al. 1998, U.S. 

EPA 2005). Similar to patterns observed for Ocoee sediment in the Cu experiment, AVS in 

Raisin sediment did not differ either between depths (p = 0.20) or through time (p = 0.78), but 

AVS concentrations were greater in aged treatments than freshly-spiked (p = 0.04). As 

expected, AVS in metal-amended Burntwood sediments was very low (<0.3 µmol g-1) in all 

sediment preparation treatments. 
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Fe and Mn concentrations were relatively consistent though time, between depths, and 

between freshly spiked and aged treatments, but there were large differences between Raisin 

and Burntwood sediments. Mean FeTOT was 45 ± 1.3 g kg-1 in the metal amended Burntwood 

sediments, whereas mean FeTOT in Raisin sediments was approximately 4× lower (13 ± 1.6 g 

kg-1). Both Burntwood and Raisin sediments had greater FeTOT and crystalline Fe oxide 

concentrations in freshly spiked than aged surface sediments at the start of the exposure 

period, but these differences were small (<10%) and did not persist to the end of the exposure 

period (Ni × Time × Depth, p < 0.005). Amorphous Fe oxide concentrations did not differ either 

through time or between sediment preparations for both Raisin and Burntwood, but Burntwood 

sediment (7 ± 0.7% of FeTOT) had a much lower fraction of FeTOT as amorphous Fe oxides than 

Raisin sediments (48 ± 7% of FeTOT). Relative concentrations of crystalline Fe oxides were 

similar between Burntwood and Raisin sediments (25% of FeTOT). Burntwood sediment (940 ± 

23 mg kg-1) had significantly greater MnTOT in surface sediments at the end of the exposure 

period than either of the other sampling times and depths (Time × Depth, p = 0.003) but the 

difference was <5%. Oxidized Mn did not differ among either treatments, depths, or sampling 

times in Burntwood sediment and was, on average, 67% of MnTOT. Total Mn in Raisin sediment 

(760 ± 65 mg kg-1) was greater in freshly spiked than aged sediments (p = 0.013) and increased 

through time (p = 0.02), but these differences were relatively minor (<10% of MnTOT). Oxidized 

Mn concentrations were similar in all freshly spiked Raisin sediments and enriched significantly 

in the surface of aged sediments at the start of the experiment (Time × Depth × Preparation, p = 

0.004). Regardless of differences among treatments, oxidized Mn was a large fraction of MnTOT 

in all Raisin sediments (96 ± 11% of MnTOT). Overall, differences in Fe and Mn concentrations 

and species were greater between Raisin and Burntwood sediment than the differences among 

sediment preparation methods, depths, or sampling times. 

The two sediment preparation approaches produced NiTOT treatments that were 

indistinguishable for Raisin sediment, but for Burntwood sediment, NiTOT was on average 10% 

greater in the freshly spiked treatments when compared to the aged sediments (Preparation, p 

= 0.005). Total Ni concentrations were consistent between depths and stable through time for 

Raisin and Burntwood sediments, regardless of preparation method. Partitioning of Ni to 

porewater in Raisin sediment did not differ between aged and freshly spiked preparations and 

was stable through time (Figure S6). However, partitioning of porewater Ni in Burntwood 

sediment differed at the start of the experiment (freshly spiked had a lower KD than aged), but 

the two sediment preparation treatments were very similar at the final sampling point (Figure 
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S6). Nickel partitioned differently among solid-phase fractions as a function of sediment 

preparation method and depth, and more so in Burntwood sediments than Raisin.  

Similar to our observations for Cu, all Ni fractions from laboratory prepared sediments 

were related to concentrations of NiTOT (p < 0.001 for all) and all differences discussed here are 

expressed relative to NiTOT. In Burntwood sediments, a substantial fraction of NiTOT was 

associated with amorphous (25–54%) and crystalline Fe oxides (32–38%). NiSEM was lower in 

surface than deep sediments (p = 0.02) and Ni bound to crystalline Fe oxides (NiCFO) was 

greater in surface than in deep sediments (p = 0.02). Concentrations of NiSEM and NiHFO in 

freshly spiked Burntwood sediment declined over time (all p < 0.04), whereas solid-phase 

associations of Ni in aged Burntwood sediments were stable through time. Similar to Burntwood 

sediments, a substantial fraction of NiTOT in Raisin sediment partitioned to Fe oxide minerals, but 

with a greater fraction associated with amorphous (34–74%) than crystalline (2–12%) Fe oxides. 

Solid-phase Ni partitioning in Raisin sediments was stable through time and between sediment 

preparation techniques. Ni partitioning to crystalline Fe oxides in Raisin sediment was slightly 

greater in surface than deep sediments of both sediment preparations (p = 0.04). 

Zn experiment – physicochemistry 

Only minor differences in sediment geochemistry were observed between freshly spiked 

and aged Raisin sediments. AVS concentrations were relatively high in Raisin sediment, 

positively related to ZnTOT (p < 0.001) and did not differ between sediment preparation methods 

(p = 0.32). Sediment pH was circumneutral in all treatments and sampling periods (7.3–7.9 pH 

units), positively related to ZnTOT (p = 0.01), and lower in aged deep sediments than any other 

treatment or depth (Depth × Preparation, p = 0.001). Mean FeTOT was slightly higher in freshly 

spiked (16.1 ± 2.0 g kg-1) than aged sediments (14.8 ± 1.5 g kg-1; p = 0.04), but the relative 

speciation of Fe oxides did not differ among sediment preparations (p > 0.05). For both aged 

and freshly spiked Raisin sediments, amorphous Fe oxides declined slightly through time (p = 

0.02); 7% of FeTOT was as FeHFO at the beginning of the experiment and 6% at the end of the 

exposure period. Crystalline Fe oxide concentrations did not differ among sediment preparation 

methods, depths, or sampling periods and were similar fractions of FeTOT across all sediments 

(42 ± 8%). Sediment MnTOT was similar among all sediments (870 ± 110 mg kg-1), but Mn oxides 

were slightly higher in freshly spiked (600 ± 55 mg kg-1) when compared to aged sediments (550 

± 53 mg kg-1; p = 0.008).  

Our two sediment preparation methods resulted in Zn concentrations that were, on 

average, 10% higher in the freshly spiked than aged sediments (p = 0.02). Both preparation 

methods produced metal-amended sediments that were consistent between depths and stable 
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through time (all p > 0.50). There was a positive relationship between ZnTOT and concentrations 

of Zn in filtered overlying water (p = 0.046), and Zn in overlying water differed among our 

preparations through time (Preparation × Time, p = 0.01). Specifically, Zn concentrations in 

surface water above aged sediments were lower at the beginning of the experiment (median = 

70 µg L-1) than at the end of the exposure and lower than surface waters above freshly spiked 

sediments throughout the test (median = 190 µg L-1). Porewater Zn was positively related to 

ZnTOT (p = 0.02), but there were no differences in porewater Zn between sediment preparation 

methods (p = 0.73). Partitioning coefficients for Zn were similar between freshly spiked (log KD = 

4.8 ± 0.7 L kg-1) and aged sediments (log KD = 4.6 ± 0.7 L kg-1). In both sediment preparations, 

ZnSEM was positively related to ZnTOT, but in freshly spiked sediments, ZnSEM was 33% greater in 

surface than deep sediments at the same ZnTOT concentration (Zn × Preparation × Depth, p = 

0.02). ZnSEM concentrations (molar) exceeded AVS concentrations only at the highest two 

treatment concentrations of both sediment preparations (i.e., ZnTOT >1400 mg kg-1). Zinc 

associated with Fe oxides increased with increasing concentrations of ZnTOT (p < 0.001). A 

greater fraction of ZnTOT was bound to crystalline (38 ± 8%) than amorphous (1.3 ± 2.0%) Fe 

oxides. The proportion of ZnTOT bound to amorphous Fe oxides averaged 5% in sediments with 

the greatest ZnTOT concentrations (aged = 2600 mg kg-1, freshly spiked = 3300 mg kg-1), but 

ZnHFO:ZnTOT was <1% in all other treatments.  
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Figure S1. Cu flux to overlying water during the first 72-h of the test chamber 
equilibration period. Fluxes were measured in two sediment types that were either aged 
or freshly spiked. Warmer colors indicate sediments with higher total Cu (mean 
concentrations in legend). Solid lines indicate best-fit lines determined by ANCOVA. 
Note the log scale on both axes and the different axes for Dow and Ocoee sediments. 
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Figure S2. Sediment pH in aged and freshly spiked Ocoee sediments measured at the 
start and end of a 28-d Hyalella azteca bioassay. Sediment pH was negatively related to 
sediment total Cu only in the freshly spiked treatments at the start of the bioassay (Cu × 
Time × Preparation, p = 0.018). Dow sediments show similar patterns for pH. 
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Figure S3. Mean Cu partitioning (KD) in aged and freshly spiked Ocoee and Dow 
sediments measure at both the start and end of a 28-d H. azteca bioassay. Cu 
partitioning to porewater did not change through time (p > 0.1), and differences in 
partitioning between aged (blue) and freshly spiked (red) sediment did not differ for 
Ocoee and were marginally different (p = 0.07) for Dow sediment. Error bars represent 
±1 standard deviation. 
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Figure S4. Ni flux to overlying water during the 35-d experimental period (7-d equilibration and 
28-d chronic H. azteca test). Fluxes were measured in two sediment types that were either aged 
or freshly spiked. Warmer colors indicate sediments with higher total Ni (mean concentrations in 
legend). Solid lines indicate best-fit lines determined by ANCOVA. Note the log scale on both 
axes and the different axes for Burntwood and Raisin sediments. 
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Figure S5. Sediment pH measured in surface (0–1 cm) and deep (1–3 cm) sediments at 
the start (“Initial”) and end (“Final”) of a 28-d H. azteca bioassay. In Burntwood 
sediments, pH was lower in deep sediments and decreased during the exposure period 
(freshly spiked treatments were not measured at end of experiment). In Raisin 
sediments, pH was positively related to NiTOT at the end of the exposure period and the 
slope was greater for the freshly spiked sediments.  
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Figure S6. Mean Ni partitioning (KD) in aged and freshly spiked Burntwood and Raisin 
sediments measure at both the start and end of a 28-d H. azteca bioassay. Ni 
partitioning was consistent across treatment and sampling time for Raisin sediment (all p 
> 0.09), but Burntwood sediment KD was different for aged and freshly spiked treatments 
at the initiation of the experiment (Time × Treatment, p = 0.01). Error bars represent ±1 
standard deviation. 
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Figure S7 Hyalella azteca tissue Ni concentrations relative to Burntwood and Raisin 
sediment total Ni concentrations. For each of the sediments, H. azteca exposed to aged 
and freshly spiked sediments had similar accumulation of Ni in tissues, but amphipods 
exposed to Raisin sediments accumulated more Ni (relative to NiTOT) than those 
exposed to Burntwood sediments (coefficients in best-fit line equations). The dotted 
horizontal line denotes the median tissue Ni concentration of neonates at the beginning 
of the exposure period (5.5 ng mg-1). Control sediment (i.e., no added Ni) are shown on 
plots but were not included in regression models. Note the log scale on both axes and 
the difference in x-axis scale between panels.  
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Figure S8. Hyalella azteca tissue Zn concentrations relative to sediment total Zn 
concentrations for aged and freshly spiked Raisin sediment. The asterisk indicates that 
H. azteca growing on the highest ZnTOT treatment had significantly greater tissue Zn 
than all other treatments (p < 0.001). Note the log scale on the x-axis. 
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Table S1. Summary of QA/QC for sediment and overlying water chemistry. 

Analyte 
Procedural reproducibility 
(% relative difference) Standard recovery (%) 

AVS 19 ± 24 (9) 101 ± 22 (8) 
DOC  100 ± 16 (15) 
Total Cu 6 ± 4 (6) 101 ± 2 (7)b 
SEM Cu 12 ±7 (8)  
Ascorbate Cua 27 ± 24 (11)  
Dithionite Cua 26 ± 25 (11)  
Total Ni 4 ± 4 (16)  
SEM Ni 21 ± 11 (4)  
Ascorbate Nia 6 ± 4 (6)  
Dithionite Nia 10 ± 7 (6)  
Total Zn 2 ± 2 (3)  
Ascorbate Zna 16 ± 9 (3)  
Dithionite Zna 12 ± 16 (3)  
Total Fe 6 ± 5 (23) 89 ± 1 (7)b 
Ascorbate Fea 9 ± 7 (20)  
Dithionite Fea 8 ± 7 (20)  
Total Mn 4 ± 3 (24) 105 ± 2 (7)b 
Dithionite Mna 7 ± 6 (20)  

 

a ascorbate and dithionite metals are from select extraction of amorphous (ascorbate) 
and total metals oxides (dithionite); b recovery of NIST standard reference material 
2781 
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Table S2. Total metal (mg kg-1) toxicological thresholds (± 95% confidence intervals) from 
Hyalella azteca survival and growth concentration–response curves. Standard 28-d bioassays 
were used to compare metal amended sediments that were either freshly spiked or aged in a 
mesocosm for >100 d.  
 
Metal Sediment Preparation LC50 EC50 (growth) 
Cu Dow Aged 435 (341–590) 263 (214–328)  

Dow Freshly spiked 395 (339–465) 259 (222–314)  
Ocoee Aged 2520 (1800–4410) 1030 (891–1200)  
Ocoee Freshly spiked 1590 (1360–1900) 994 (863–1180) 

Ni Burntwood Aged >1120a 1790 (1300–4440)  
Burntwood Freshly spiked 1720 (1090–3800) 1660 (1340–3300)  
Raisin Aged 504 (355–702) 1340 (1070–1790)  
Raisin Freshly spiked 803 (364–2390) 1510 (1260–1840) 

Zn Raisin Aged >2600a >2600a  
Raisin Freshly spiked >3300a >3300a 

 
a no significant concentration–response curve could be calculated and threshold is 
reported as greater than the maximum concentration tested; b upper confidence interval 
was unbounded (i.e., positive infinity). 

 


