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ABSTRACT 

Slag material was dumped in two sites off southwestern Taiwan by the China Steel Corporation 

during 1984-1995. By geochemically analyzing four sediment cores, we investigate the impact of slag 

on the sediment chemistry. Elemental profiles from the dumping sites show a strong depletion in detrital 

elements and enrichment in alkaline and redox-sensitive elements, especially for the top ~20 cm of 

sediments. The relative enrichment factor (EFrel) exhibits wider range for Ca (0.73-13.33), Fe (0.88-

3.03), Mg (0.94-9.58), and Mn (1.22-33.30) due to contamination of sediments by slag. Sediment 

weathering indicators also show a distinct change with lower values in sediments influenced by dumping 

due to Ca and Sr addition. Higher EFrel for As, Cd and Pb in the top sections of the cores indicate an 

additional modern/industrial input of these elements since ~1950. Our study suggests that slag dumping 

may have a localized effect on biogeochemical processes by inducing the diagenetic remobilization of 

certain elements. 

 

Keywords: Sediment quality, Detrital dilution, Metal enrichment, Industrial slag, Waste dumping, 

Southwestern Taiwan 
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1. Introduction 

The geochemical composition of estuarine and coastal marine sediments is largely governed by 

the physicochemical characteristics (pH, Eh, O2, etc.) of the depositional environment and associated 

natural biogeochemical processes such as diagenesis, adsorption/desorption on/from organic matter, and 

precipitation-dissolution of Fe-Mn oxyhydroxides (e.g. Berner, 1980). Nevertheless, since the 1950s, 

elemental concentrations in sediments deposited near major cities and harbor areas have been 

significantly influenced by various contaminants/wastes produced through modern human and industrial 

activities. Determination of anthropogenic impact from those of natural processes on sedimentary 

composition is essential for environmental monitoring studies because sediments are very sensitive and 

reliable recorders of both natural and anthropogenic source contributions at accurately detectable levels 

(Förstner and Wittmann, 1981; Szefer, 2002). The spatial and temporal geochemical records of 

sediments are thus deemed to be vital to evaluate recent contamination levels and pollution histories 

within estuarine, coastal and shelf regions world-wide (Szefer et al., 1995; Zwolsman et al., 1996; 

Nolting et al., 1999; Selvaraj et al., 2004). 

 

Coastal and offshore regions of southwestern Taiwan (Fig. 1) annually receive ~35 million tons 

(Mt yr-1) of chemically weathered sediments from the high mountains of Taiwan and the upper crust of 

the Yangtze Craton (UC-YC, China), mainly through river input and substantially by aeolian pathways. 

With nearly 36,000 km2 of land and a population over ~23 million, Taiwan generated ~1.6 Mt of 

domestic and industrial wastes in the year 2000, primarily from factories, farming activities, hospitals 

and other major business organizations, which increased the heavy metals and organics loads in natural 

environments (Tsai and Chou, 2004). The steel industries, in particular, play an important role in the 

island’s economic development and are equally responsible for producing an appreciable quantity of 

solid waste, i.e., ~420 kg ton-1 of steel production (Topkaya et al., 2004). The China Steel Corporation, 

the largest producer of steel in Taiwan, used the offshore region of southwestern Taiwan as their solid 

waste disposal site from 1984 to 1995 (Fig. 1). During this time period, ~2 Mt of slag were dumped in 

the old dumping site (Fig. 1) located approximately 14 km from Kaohsiung Harbor (Chou et al., 2002). 

Since 1988, in the establishment of the island’s strict Environmental Pollution Prevention regulations, 

dumping activities were shifted to a new site (documentation data are not available for this site), located 

~14 km from the old one (Fig. 1). Marine waste disposals induce water column turbidity changes, 

seabed smothering effects and sediment contamination, which all in turn affect the habitat 
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characteristics, food chain integrity and ultimately fishery resources (e.g. Johnson and Frid, 1995). Most 

importantly, the bed sediment is disturbed and brought from anoxic to oxic conditions by dumping of 

higher density materials such as steel slag. Such a disturbance can alter the sediment characteristics by 

affecting the ongoing biogeochemical processes; as a result, sediment can act either as a sink or a 

pollutant source for the overlying water column (Standring et al., 2002).    

 

In order to investigate the impact of slag material on the sediment chemistry, extensive seabed 

monitoring surveys at a high spatial resolution were conducted in and around slag dumping sites as well 

as in the region near Kaohsiung Harbor during 1995. This work was done based on the assumption that 

the dumped material is characterized by a higher density than the surrounding sediment dominated by 

mud (silt + clay) and helped us to follow the sediment layers in the topmost tens of cm of the sediment 

column for selecting suitable core sampling locations. During the program, twelve short gravity 

sediment cores were raised from the seabed in the former region. Here, we present the results of a 

detailed geochemical evaluation of four sediment cores, CS12, CS14, CS19 and CS21. Among them, 

core CS19 was dated by the 210Pb method to infer the recent history of contamination with respect to 

pre-industrialization in Taiwan, i.e., before 1950. The analyzed dataset was used to investigate (a) the 

anthropogenic contribution from the provenance contribution; (b) the contaminant inventory compared 

to the regional background; (c) the geochemical processes responsible for the mobility of elements 

and/or dispersion of contaminants; and (d) the geochemical factors responsible for the interrelationships 

among chemical parameters studied through a statistical approach.  

 

2. Materials and methods 

2.1. Study area and sampling 

The study area off of southwestern Taiwan occupies 70 km2 east of Kaohsiung Harbor at water 

depths of ca. 100-400 m (Fig. 1). During 1995, on the basis of high resolution sediment acoustic 

profiling, 12 stations were sampled from the region with the help of a 2-m single-tube gravity corer 

available onboard the R/V Ocean Researcher 3 (Cruise No. 274). The collected cores were capped, 

sealed airtight and frozen before they were brought back to the shore laboratory for further investigation. 

Four of the cores (CS12, CS14, CS19 and CS21; see Fig. 1 for sampled locations) were selected site-

specifically for detailed grain size and geochemical analyses of major and trace elements. All cores were 

sliced at 1-2 cm intervals down to 10 cm depth and 2, 5 and 10 cm intervals were applied for the 
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remaining length of the cores. Details of the investigated cores, including the number of sub-samples in 

each core, are given in Table 1.  

 

2.2. Grain size and elemental analyses  

Prior to the detailed laboratory work, all 77 sub-samples were freeze-dried for 24-h to achieve a 

constant weight and homogenized (removal of particles >2 mm). Grain size analysis was carried out on 

a part of each homogenized sample using a Coulter LS-100 laser particle size analyzer after removal of 

carbonate with 1 N HCl and organic matter using 30% H2O2. Another portion of each sediment sample 

was finely ground to ~200-mesh in an agate mortar and pestle for elemental (C and N) and geochemical 

analyses. For elemental analysis, the sub-samples of bulk sediments (<2 mm) were oven-dried at 60°C, 

homogenized and finely powdered by using an agate mortar. Total carbon (TC) and nitrogen (TN) were 

determined by using a LECO CHN-932 elemental analyzer. The instrument was calibrated with 

reference standards, BCSS-1 and NIST-2704, and triplicate analyses of standards as well as samples 

yielded a precision better than 5%. Inorganic carbon (IC) was measured after liberating CO2 with 1N 

HCl and measuring its concentration with a UIC Coulometer. The analytical accuracy and precision 

were better than 5%. The IC was converted to calcium carbonate by multiplying its value by 8.333. 

Organic carbon (OC) was calculated as the difference between TC and IC.  

 

2.3. Geochemical analysis of sediments 

The total concentrations of 22 major and trace elements (Al, As, Ca, Cd, Cl, Cr, Cu, Fe, K, Mg, 

Mn, Na, Ni, P, Pb, Rb, S, Si, Sr, Ti, V and Zn) were determined using an X-ray fluorescence (XRF) 

spectrometer (Rigaku RIX2000) equipped with an Rh tube. For this study, 2-3 grams of each sediment 

powder were compacted into a round disc (30 mm diameter) under appropriate pressure with cellulose 

as the backing. These pellets were X-rayed with the measurement was carried out at an acceleration 

voltage of 50 kV and a current of 50 mA. The accuracy of the analytical method was established with 

the standard reference materials (SRMs) MAG-1, BCSS-1, PACS-1, NIES-2, and GBW 07314. Based 

on the analyses of SRMs, the ranges of recoveries in percentage of all the elements analyzed are as 

follows: Al (97-105), As (77-110), Ca (97-105), Cd (91-110), Cl (90-105), Cr (95-103), Cu (95-105), Fe 

(96-102), K (97-105), Mg (95-98), Mn (98-106), Na (91-105), Ni (95-105), P (92-103), Pb (93-108), S 

(95-107), Si (94-100), Ti (96-106), V (91-110) and Zn (99-105). Three replicates of one sample were 

run and the following coefficient of variation obtained in percentage: Al, 0.44; As, 2.04; Ca, 0.76; Cd, 
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7.02; Cl, 0.38; Cr, 5.97; Cu, 0.95; Fe, 0.43; K, 0.58; Mg, 0.84; Mn, 0.60; Na, 4.97; Ni, 1.86; P, 0.29; Pb, 

3.04; S, 0.34, Si, 0.58; Ti, 0.39; V, 6.13 and Zn, 2.22.  The detection limits of XRF for major and trace 

elements obtained in the present work are as follows: Al, 0.07%; As, 4 µg g-1; Ca, 0.06%; Cd, 5 µg g-1; 

Cl, 0.01%; Cr, 2.6 µg g-1; Cu, 2.7 µg g-1; Fe, 0.06%; K, 0.03%; Mg, 0.02%; Mn, 39 µg g-1; Na, 0.02%; 

Ni, 3.5 µg g-1; P, 131 µg g-1; Pb, 6 µg g-1; Rb, 2.1 µg g-1; S, 0.01%; Si, 0.13%; Sr, 4.6 µg g-1; Ti, 0.01%; 

V, 8.8 µg g-1 and Zn, 8.2 µg g-1 

 

 Since the accuracies of the elements of sufficient anthropogenic input such as As, Cd and Pb 

with XRF are not enough to discriminate the contaminant inventory because their concentrations in 

sediments studied were mostly below the detection limits of XRF, these three elements were also 

measured with an Inductively Coupled Plasma-Mass Spectrometer (ICP-MS; PE-SCIEX ELAN 5000). 

For each bulk sediment sample, 0.3 g of powder were reacted with 20 ml of 1.6 N HNO3 for 24 h and 

centrifuged to obtain the clear supernatant. These leachates were analyzed for As, Cd and Pb with an 

ICP-MS and these values are used for further discussion. The ranges of recovery and RSD for MAG-1, 

BCSS-1, PACS-1, MESS-2, NIES-2 and GBW07314 reference materials analysis of As, Cd and Pb 

were determined to be 90-110% and 5% for As, 94-106% and 5% for Cd, and 91-109% and 5% for Pb. 

 

2.4. 210Pb geochronology 

The age-depth relationship in core CS19 was calculated using the short-lived isotope 210Pb (t1/2 = 

22.3 years), a natural radionuclide byproduct of the 238U decay series that is supplied to the environment 

via atmospheric precipitation. This is an ideal tracer for dating the modern sediments deposited during 

the last 100 years, a period of time during which detectable geochemical changes occurred due to 

modern industrial and human activities (Ruiz-Fernández and Hillaire-Marcel, 2009). 210Pb 

measurements were carried out on sediment samples by beta counting of the ingrown 210Bi, the energetic 

beta emitter of 210Pb daughter, as described in Chung and Craig (1983). Sediment samples were digested 

with appropriate combination HNO3, HCl, HF and HClO4, instead of HNO3 alone. The digested aliquot 

was purified for Pb isotopes through an anion exchange column and finally precipitated as PbSO4 onto 

an aluminum disc and stored for 1 month before beta counting of the ingrown 210Bi. The counter used 

was Tennelec α/β LB 51200-2800-II low-background beta counting system which was calibrated against 

a 210Pb standard. The sedimentation rate was calculated to be 0.74 cm yr-1 in the top 8.5 cm section of 

the core CS19 (Fig. 2), which corresponds to a short period of 11 years from 1985 to 1995 and brackets 
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the time period of dumping activity at the old dumping site from which this core was retrieved. From 8.5 

and up to 52.5 cm, the core CS19 shows a low background sedimentation rate of 0.19 cm yr-1. This 

supports the idea that the top portion of the core was significantly influenced by slag materials and 

therefore had a higher sedimentation rate. In the active continental margins such as southwestern 

Taiwan, the dynamics of high mountain erosion coupled with the huge export of full spectrum of critical 

zone components at least during typhoon season as well as the prevailing strong current patterns, one 

cannot expect a constant sedimentation pattern. However, the limited downcore variations of major and 

trace elements of detrital nature permit us to assume the constant sedimentation rates for older sections 

over 100 years. In that case, the 52.5 cm core CS19 roughly corresponds to the period of sedimentation 

from 1753 to 1995, which also covers the time of modern industrial establishment in Taiwan (i.e., 

1950s). 

 

2.5. Enrichment factor and statistical analysis 

In order to accurately reconstruct the history of trace elements deposition and metal 

contamination, down-core elemental values should be normalized for natural variability caused by 

provenance weathering. Geochemical normalization of estuarine and coastal sediments can be achieved 

from depth-equivalent concentrations of crustal reference elements such as Al (Windom et al., 1989), Li 

(Loring, 1991) and Yb (Szefer et al., 1999; Szefer, 2002). Among these, Al is a conservative element 

that can compensate for variations in both grain size and composition as it characterizes the detrital 

metal-bearing sedimentary matrix such as silt and clay. Since sediments investigated composed chiefly 

of silt and clay, and anthropogenic input of Al are never reported in the study region, in order to identify 

trace element enrichment in southwestern Taiwan, we calculated a relative enrichment factor (EFrel) 

using Al as a normalization tracer employing the formula: EF = [Z/Al]sample/[Z/Al]BCL, where [Z/Al]sample 

is the ratio of the concentration of the element Z to the concentration of Al in the sample at a given 

depth, and [Z/Al]BCL is the ratio of background concentration level (BCL - mean value taken from the 

bottom three sub-samples of the respective cores) of elements Z and Al in the studied cores.  

 

In the present study, the metal concentration levels vary widely due to multiple sources 

contribution. Therefore, statistical methods such as correlation analysis and principal component 

analysis (PCA) were performed in order to obtain information about the interrelationships and behavior 

of major and trace elements, as well as to identify the associations among 28 variables in all sediment 
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cores studied to corroborate the element/metal provenance. The computer package SPSS (version 7.5) 

was employed to perform the statistical analyses. The rotation of the principal component was carried 

out by the Varimax normalized method and only the variables that showed loadings ≥0.7 were 

considered for provenance interpretation. 

 

3. Results and discussion 

3.1. Sediment characteristics 

Mean sediment grain sizes (Mz) of all four cores (CS12: 8.05-44.8 μm; CS-14: 5.05-10.2 μm; 

CS-19: 8.9-30.8 μm; and CS21: 12.2-36.3 μm) fall under the fine, medium and coarse silts categories of 

Wentworth (1922) size classification. The corresponding phi values (7-4 ф) indicate very poorly to 

extremely poorly sorted sediments due to quick removal and deposition of sediments from the source to 

the sink. Characteristically, four samples from 2.5 to 5.5 cm in core CS19 and one sample at 9.5 cm in 

core CS12 show abnormally high Mz (265-377 and 114 μm). Since both cores were from dumping sites, 

these larger mean grain sizes suggest the influence of medium to coarse sand-sized slag tailings rather 

than real sediments. The mean CaCO3 contents of all four cores range from 2.23 to 5.69%, with higher 

carbonate contents associated with the top few samples in dumping site cores CS12 and CS19, as well as 

the surface sediment of core CS21. The mean contents of OC and TN in the studied cores are low and 

vary from 0.30 to 0.60% and from 0.02 to 0.07%, respectively. The calculated molar organic carbon to 

total nitrogen (C/N) ratio varies from 8 to 22 with a mean of 12 (n=61), although sixteen samples exhibit 

extremely high C/N ratios due to very low TN contents that are very close and/or even lower than the 

instrument detection limit (0.02%). The overall mean values of OC, TN and C/N ratio (0.46%, 0.04% 

and 12, respectively) suggest a mixed origin, terrestrial and marine, for organic matter, with the 

dominance of the former.  

 

3.2. Major element geochemistry 

Supplementary Table S1 provides a complete set of geochemical data, including mean grain size, 

CaCO3 and OC, for all four sediment cores studied. Also included are elemental data for the upper 

continental crust (UCC; Taylor and McLennan, 1985), the upper crusts of the Yangtze Craton (UC-YC; 

Gao et al., 1998) and Kaohsiung offshore sediments (KH-OSS; Chen and Selvaraj, 2008) for 

comparison. In general, the mean concentrations and element/Al ratios of almost all elements studied 

agree well with the reference compositions such as UCC, UC-YC and KH-OSS. The major element/Al 
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ratios of surface sediments in this region are consistent with this, indicating that the upper crust of the 

Yangtze Craton and sedimentary rocks of Taiwan are major sources for these sediments (Chen and 

Selvaraj, 2008). X-ray diffraction (XRD) scanning of surface slices of all 12 core sediments showed that 

sediment particles were mainly composed of a quartz-feldspar-calcite-illite-chlorite-kaolinite 

assemblage (Chen, 1997). This further implies the dominance of physical erosion and thus very poor 

sorting of grains.  

 

Depth profiles of representative individual elements show considerable variations (Figs. 3 and 

4); for instance, lower values for detrital elements but higher values for authigenic/diagenetic elements 

in sediments affected exclusively by dumped slag materials in the study area. The detrital elements Al 

and Ti exhibit a strong positive correlation (r = 0.96, P < 0.01) to each other as well as other elements 

such as Si, Na and K, indicating their source as detrital aluminosilicates. Al and Ti are believed to be 

index elements for the terrigenous source and are extremely immobile in the marine environment (Nath 

et al., 1989), and both are negatively correlated with authigenic/diagenetic elements (Fe, Mg, Ca, Mn 

and P), suggesting a strong dilution of the detrital source in the study area (discussed in detail below). 

Interestingly, in core CS12 from the new dumping site, the sediment at 8.5 cm records the highest Ca 

concentration (9.87%; Fig. 4) as well as the highest Ca/Al ratio (2.1; not shown). Likewise, Ca exhibits 

higher concentrations and high element/Al ratios in the top ~10 cm section of core CS19 from the old 

dumping site (Figs. 3 and 4).  

 

3.3. Detrital dilution and diagentic enrichment 

Coastal and offshore sediments are mixtures of land-derived aluminosilicates, biogenic 

components, and authigenic oxyhydroxides precipitates (Calvert et al., 1993). The latter two 

components, in general, dilute the proportion of land-derived terrigenous material and therefore 

obliterate the detrital signals primarily produced by them. Figure 4 displays depth profiles of selected 

detrital (Si, Ti, Al and K) and alkaline elements (Ca and Mg) in sediment cores CS12, CS14, CS19 and 

CS21. The cores from the reference sites (CS12 and CS14) did show some variations throughout, but 

strong fluctuations are evident in the top ~20 cm. Elemental fluctuations were strong in core CS21, 

which was retrieved from deeper water than core CS14, which was raised from a shallow water depth 

(Table 1). In these cores, decreasing Si and increasing Al and K values from ~70 up to 20 cm suggest 

the dominance of fine sediment delivery during this interval in the study area. Increasing concentrations 
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of Mn, P, S, Cu, Cr, Ni and Zn evident in the top ~10-20 cm are concurrent with OC fluctuations, 

implying the precipitation of Fe-Mn oxyhydroxides and/or metal sulfides and co-precipitation of Cu, Cr, 

Ni and Zn in the top sections of the core that were in contact with oxygenated bottom waters. In CS14, 

Cr, Fe, P, Ni, S and Zn all seem to be involved in the above process, but Mn and Cu do not show any 

such involvement. These elemental associations show that early diagenetic processes are more active at 

site CS21 than at site CS14.  

 

Nevertheless, the downcore profiles of detrital elements (Si, Ti, Al and K) in sediment core CS19 

from the old dumping site display a decreasing trend in sediments deposited between ~9.5 and 3.5 cm, 

and since then an increasing trend towards the core top is obvious (Fig. 3). There is also a clear strong 

depletion of all of these detrital elements between 5.5 and 3.5 cm. This reveals that detrital dilution 

essentially attributed to dumped slag materials at this site. A similar detrital dilution was observed in 

core CS12 from the new dumping site, where the top ~8 cm consists mainly of slag rather than 

sediments (Fig. 3). Strikingly, the Cu, Ni and Zn profiles in both cores show a dilution trend (Fig. 3) 

very similar to the detrital elements, further confirming their silicate lattice association in the study 

region. It is apparent from Fig. 4 that the alkaline elements (Ca and Mg) in cores from reference sites 

behave very similarly to the detrital elements, but these elements show abnormal enrichment in the cores 

from dumping sites, indicating the addition of Ca and Mg through slag dumping. Furthermore, Fig. 4 

displays abnormal enrichment in authigenic/diagenetic elements (Mn, P, and S), including trace 

elements (Cd, Cr, Sr and Zr) in cores from dumping sites. The association of Sr could be explained by 

the Ca in this group. Characteristically, the association of typical immobile detrital element (Zr) with 

alkaline and diagentic elements suggests slag-induced enrichment of Zr, a refractory mineral perhaps 

used in steel-making processes. ‘Detrital dilution’ and consistent ‘diagenetic enrichment’ are attributed 

to dumped slag materials because chemical data of recovered slag from core CS12 reveal that slag 

contains a significant percentage of lime flux with a high CaO content (25.02%; see Supplementary 

Table 1). Furthermore, higher Ca/Al ratios and a strong positive association of Ca with Fe, Mg, Mn and 

P (see sub-section 3.7 for correlation values) indicate the contamination of sediments through dumping, 

which is also responsible for detrital dilution. 
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3.4. Relative enrichment factors (EFrel) 

The calculation of EFrel gives an estimate of sediment enrichment due to either local pollution or 

changing patterns of atmospheric deposition (Ruiz-Fernández et al., 2004; Selvaraj et al., 2004). Table 2 

shows summary statistics of EFrel values calculated in this study. The EFrel values obtained in cores from 

the reference sites are >2 for Cr, Ni, V and Zn in core CS14 and As, Cd, Cr, Cu, Pb, V and Zn in core 

CS21, suggesting modern and industrial input for these elements. Interestingly, abnormal enrichments in 

a few top sub-samples show EFrel values of >2 to 10 for Mn, Mg, Ca, P, S, As, Cr, Sr, V and Zr in the 

old dumping site core CS19, indicating authigenic mineral formation and coprecipitation of certain trace 

elements attributed to dumping materials rich in lime flux. Very similar behaviors of Fe and Cd in core 

CS12 from the new dumping site substantiate the above inference. A recent study indicates that liming 

of lakes causes increased sequestration of many elements in sediments, including Al, As, Cd, Fe, Mn, Ni 

and Zn (Wällstedt et al., 2008). A wide range of EFrel values along with the higher standard deviations 

shown in Table 2 for these elements in contaminated samples support that they were essentially from an 

anthropogenic source, i.e., slag dumping.         

 

3.5. Modern chemical weathering 

A recent investigation on sediment yield to the ocean shows that the suspended sediment load 

(17,800 × 1012 g yr-1) from high-standing islands (Taiwan, the Philippines, Papua New Guinea and New 

Zealand) of South Asia-Oceania contributes over 40% (Syvitski et al., 2005). This amount may increase 

due to the acceleration of erosion and weathering in these islands by modern human and land use 

practices. Considering the high physical erosion rate of Taiwan (1365 mg cm-2 y-1; Li, 1975), one would 

expect some changes in the rate of chemical weathering, although the chemical weathering trend of this 

island was moderate, except in the high-alpine regions, for the past few thousand years (Selvaraj and 

Chen, 2006). It is also important to know the pattern of modern weathering before the reappraisal of 

sediment quality in terms of dumping and industrialization. To check these aspects, we applied silicate 

weathering indicators such as the chemical index of alteration (CIA) and the elemental ratios K/Si and 

Rb/Sr. The CIA was calculated using the major oxides compositions of sediments using the formula: 

CIA = 100 x Al2O3/(Al2O3+CaO*+Na2O+K2O) in molar proportions, where CaO* is the CaO associated 

with only the silicate fraction (Selvaraj and Chen, 2006, and references therein).  
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According to the 210Pb chronology, the entire 52.5 cm sedimentation in core CS19 collected from 

the old dumping site corresponds to the period from ~1753 to 1995, covering the time intervals of both 

modern industrial growth in Taiwan (~1950-present) and dumping activities in the present study area 

(1984-1995). The CIA values of all sediments, excluding the sediments affected by dumping, vary 

narrowly from 73 to 77 (n=65). The depth profile of CIA in core CS19 does not show any distinct 

change for the last ~225 years of sedimentation, except for the samples between 1969 and 1985 (Fig. 5). 

The CIA started to decreases in ~1969 and reached the lowest value (32) in ~1977, essentially due to the 

dominance of slag and thus the dilution of detrital components. Since then, the CIA has increased and 

attained a value (76) equal to that in the sediments formed pre-1969. In fact, dumping was done between 

1984 and 1995, but the 210Pb chronology of core CS19 reveals the presence of slag-affected sediments at 

slightly deeper depths between 1969 and 1984, likely due to the sinking of higher density slag a few 

centimeters deeper in the unconsolidated surface sediments. Given the fact that the dumped materials 

contain a significant amount of CaO (max. 25.02%), sediment-slag interaction seems to bring down the 

CIA value to its lowest, as the increase in CaO always estimates lower CIA values.  

 

Similar to the CIA, the K/Si and Rb/Sr ratios are highly depleted in sediments deposited between 

1969 and 1985, supporting the effect of slag materials on the chemistry of sediments that contain 

significant amounts of Sr along with CaO. Increasing trends of all of these indicators in core CS19 from 

1977 to 1994, however, suggest a recovery of sediment composition from the effect of slag dumping 

rather than an actual increase in the chemical weathering of provenance rocks (Fig. 5). All weathering 

indicators show inconsistent trends in the top ~15 cm, corresponding to the last ~45 years in the 

sediments of the reference site cores. For instance, the CIA shows an increasing trend, but K/Si 

decreases since ~1950 in core CS14. Such changes are obvious in ratios of K/Si and Rb/Sr in core CS21 

since ~1900, although downcore profiles of these ratios show a slightly increasing trend from ca. 1600 

(Fig. 5). Such pattern indicates the combined effect of changes in sediment delivery and early diagenetic 

processes in the surface unconsolidated sediments in these cores. Especially, sediment delivery which is 

mostly event-dominated such as typhoon and landslides in Taiwan that probably masks the chemical 

weathering trend at shorter (decadal-centennial) timescales. For example, Kaoping River, the second 

largest river in Taiwan (Fig.1), annually discharges ~17 Mt yr-1 of suspended sediment load, resulting in 

high sediment accumulation ranging from 0.08 to 1.44 g cm-2 yr-1 in the continental margin of 

southwestern Taiwan (Kao et al., 2006). 
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3.6. Modern industrial impact  

Dated sediment cores were used to reconstruct the historical metal input in coastal sediments. 

Here we use well-known elements (As, Cd and Pb) of anthropogenic origin to reconstruct the modern 

industrial effect on sediment quality. The highest values of As (3.83 μg g-1), Cd (0.399 μg g-1) and Pb 

(61 μg g-1) are associated with sediments immediately below the slag materials, i.e., the subsample at a 

depth of 8.5 cm (for As, 11.5 cm) in core CS12 from the old dumping site. In this core, depth profiles of 

these three elements mimic other secondary/authigenic elements such as Ca, Mg, P, Mn and S (Figs. 4 

and 5). This suggests dumping-induced diagenetic enrichment of these elements in surface samples that 

were in contact with the slag. However, such a slag influence on these elements in core CS19 from the 

old dumping site is not seen (Fig. 5), although most of the surface samples show fluctuating values. In 

addition, this core shows relatively higher As, Cd, and Pb contents in sediments between ~1900 and 

1935, followed by decreasing trends (Fig. 6), but the values are lower than their concentrations in other 

cores. Interestingly, these three elements show high values in the top ~20 cm of core CS21 and their 

depth profiles are very similar to Cu, Cr, Mn, P, S and Zn, suggesting  that surface enrichment of these 

elements is due to their diagenetic mobilization at the deeper water depth.  

 

The calculated EFrel with respect to BCL in core CS14 retrieved from a water depth of 293.8 m 

are invariably <2 for all trace elements studied, suggesting that the offshore region of southwestern 

Taiwan (≥300 m water depth) has probably not been affected by modern anthropogenic activities. The 

highest EFrel values for As (2.12) and Cd (1.57) found in sediment deposited in ~1978 with respect to 

the background sedimentation rate (0.19 cm/yr), however, seem to coincide with the modern intense 

industrial phase (1970s) in Taiwan. By contrast, the other reference site core CS21 raised from a 

relatively deeper water depth (453.2 m) shows EFrel >2 for Cd, with a wide, abnormal range (2.54-

22.07) in sediments deposited from 1978 onwards, indicating the influence of modern 

activities/industrial input. As and Pb exhibit slight enrichments (~2) during these intervals, but Zn shows 

EFrel >2 only in surface sediment, corresponding to an age of ~1993. We note here that, in core CS21, 

three consecutive subsamples deposited at 29.5, 24.5 and 19.5 cm contain high EFrel for Cd, varying 

from 2.05 to 2.78. The exact cause for this Cd enrichment is not known because no such Cd enrichment 

was found in the other long cores, CS14 or CS12 around this time interval, even though the latter two 

cores come from shallower water depths (Table 1). Such Cd enrichment at deeper depths however 

implies the precipitation of CdS under reducing conditions in core CS21 where sulfur concentrations 
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also show relatively higher values. Consistent to this inference, solubility calculations and field studies 

suggest that authigenic Cd removal via CdS precipitation in suboxic sediments in the presence of trace 

levels of H2S (e.g. Rosenthal et al., 1995).  

 

3.7. Elemental provenance 

Three principal components were found (eigenvalues >2; Table 3) to explain the 79% of the total 

variance (49%, 20% and 10% for factors 1, 2 and 3, respectively). The PC1 (terrigenous input and 

detrital dilution) had positive loadings for Al, Cu, Ga, K, Na, Ni, Rb, Si and Ti, the assemblage of 

elements that characterizes the detrital mineral matrix. Among these, Al and Ti are extremely immobile 

in marine environment and are thus considered to be refractory elements. The significant correlation (P 

< 0.01) found between Al and K, Si and Ti (r = 0.97, 0.77 and 0.96, respectively) indicates their detrital 

origin and suggests that Cu, Ni and Rb variability in the sediments can mainly be attributed to 

terrigenous input. The PC1 had negative loadings for Ca, Mg, Mn, S, Sr, Zr and mean grain size that, 

however, represents the anthropogenic contribution of slag materials, which act as a dilution factor for 

the detrital input.  

 

The PC2 (diagenetic enrichment) accounted for 20% of the total variance and had positive 

loadings for Cd, Cr, Fe, P, V and Zn without any significant negative loadings for the variables included 

in the dataset. This association represents redox-sensitive elements and related diagenetic remobilization 

of Cd, Cr, V, and Zn with Fe-oxyhydroxides precipitation. The significant correlation (P < 0.01) 

between Fe and Cd, Cr, V and Zn (r = 0.51, 0.63, 0.90 and 0.66, respectively) suggests that Fe-

oxyhydroxides are likely the most important metal carrier phase controlling the accumulation of these 

elements in the study area. Although sediment grain size and physical absorption on particulate organic 

matter are most important in controlling these trace metal concentrations in coastal sediments, the 

absence of such an association here suggests a weak control of organic carbon and grain size on metal 

enrichment in the studied samples. The PC3 (industrial input) accounted for 10% of the variance and 

included positive loadings for As, Pb (although it had a low but significant loading of 0.5) and CaCO3 

and a negative loading for OC content, most likely indicating the accumulation of As and Pb in shell 

materials and thus authigenic input, as a dilutor of the organic materials represented by OC content at 

the site. Depth profiles of As, Cd and Pb in the acid-leached fractions, which generally do not account 

for the fraction associated with the residual silicate phase (Loring and Rantala, 1992), further points to 
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an anthropogenic source contribution of As, Cd and Pb. Their statistically insignificant association with 

other studied variables such as Al, Ti, OC, S and mean grain size also favors the idea that they might 

have been contributed by external sources.  

 

3.8. Sediment-slag interactions: an overview 

Steel-producing industrial units generate ~420 kg of solid waste in the production of a ton of 

steel in the form of furnace slag, flue dust, sludge and refractory material in their oxide forms, which is 

also rich in various trace elements, including toxic heavy metals (Dutra et al., 2006). While ~65% of the 

furnace slag (Kawatra and Ripke, 2002; Motz and Geiseler, 2001) and ~74% of the dust (Dutra et al., 

2006) is recycled/reused, excess slag, gaseous emanations and other ~150 kg of wastes produced during 

steel-making processes end up as potential environmental contaminants (Hagni et al., 1991). Slag 

materials dominated by limestone (CaCO3) and iron ore impurities collected at the top of the molten iron 

make up the largest portion of the waste. Ca, Si, Mg, Mn and P are the major constituents reported in 

slag materials (Alanyali et al., 2006; Dutra et al., 2006). The bulk composition of slag sometimes exceed 

40% Ca and also contains trace elements (Cu, Cr, Co, Mo, Ni, Ti and V) of varying levels depending 

upon the type of steel produced. The metal dusts produced by electric arch furnaces are known for their 

Cd, Pb and Zn enrichment and are sometimes extracted and further reused. The large quantity of waste 

dumping offshore enriched in major and trace elements can therefore act as potential contaminants for 

the top 10 cm of sediments in the region. Biogeochemical interactions between dissolved and particulate 

matter through authigenic processes during deposition and post-depositional conditions alter the 

elemental chemistry of the original sediments. Since the major elements, such as Ca, Fe, Mn, and P, are 

susceptible to both authigenic and diagenetic changes, their concentrations might have increased due to 

slag-induced early diagenesis in the sediments of dumping sites. 

Steel slag composite generated as a waste byproduct is mildly alkaline with a solution pH 

generally in the range of 8 to 11. High pH values (8.61 and 8.12) and low Eh values (96 mV and 88 mV) 

recorded in the old and new dumping sites and very high S content suggest temporary oxygen-depleted 

conditions only in dumping sites. Such values were possible as a result of the production of hydroxide 

ions during the partial dissolution of carbonate and iron sulfides in slag materials according to the 

equations: CaCO3 + H2O ↔ Ca2+ + HCO3
- + OH- and H2O + FeS ↔ Fe2+ + HS- + OH-. Such dissolution 

was possible due to the relative solubility of iron sulfides (e.g., pyrrhotite-Fe1-xS and mackinawite-FeS1-

x) present in the slag when it sinks a few centimeters below the sediment-water interface due to its 
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higher density to the zone of low oxygen. Due to concentration gradients, liberated reduced Fe2+ along 

with Mn2+, which migrated upward in the sediment column’s interstitial waters as dissolved species and 

oxidized to Fe3+ and Mn4+, is precipitated either as Fe-Mn oxyhydroxides in the presence of free OH- or 

metal sulfides because of HS-. These processes result in Fe and Mn enrichment at the surface as well as 

in subsurface sediment layers, very similar to the role of early diagenesis in unpolluted sediments (Shaw 

et al., 1990; and Gobeil et al., 1987). Vdović et al. (2006) reported a partial dissolution of slag resulting 

in Pb, Zn and Cu release due to sediment-slag interactions within the fresh water medium. They also 

observed a high metal absorption and retention capacity for sediments and suggested an oxyhydroxide or 

sulfide coprecipitation mechanism for the removal of these elements. Interestingly, Mn, P, and S 

enrichments within the top ~ 10 cm surface sections are associated with chemically very mobile Ca, Mg, 

and Sr as well as immobile Cr and Zr further strongly supporting the above inference.  

 

Very high concentrations of many elements (Ca-25.02%; Cr-640 μg g-1; Fe-11.55%; Mn-14350 

μg g-1; P-5840 μg g-1 and S-6060 μg g-1) in slag recovered from core CS12 indicate these as a major 

source of contamination/pollution (see Supplementary Table 1). Abnormal Mn values (1650, 1930, 

4200, 4930 and 5650 μg g-1; Supplementary Table 1) in five subsamples between 2.5 and 6.5 cm in core 

CS19 from the old dumping site and two subsamples (7780 and 4420 μg g-1) in core CS12 from the new 

dumping site clearly indicate the influence of dumped materials. This is also supported by the very high 

concentration of Mn (14350 μg g-1) in slag recovered from the latter core. Relatively low Mn values in 

sediments from the old dumping site compared to those in from the new dumping site suggest that the 

Mn and other contaminants were likely diluted by recent sediments through natural attenuation. This is 

consistent with the dilution of chemical elements observed at a historical dumping site in the Baltic Sea 

(Leipe et al., 2005). 

 

4. Conclusions 

Detailed geochemical studies of sediment cores raised from slag dumping sites off of 

southwestern Taiwan indicate that sediment, slag waste, and seawater interactions probably resulted in 

the initial dissolution, remobilization of dissolved chemical constituents within sediment subsurface 

levels and re-precipitation at favorable conditions. Our study suggests that anthropogenic input such as 

slag dumping into the coastal sediments would induce the diagenetic remobilization of certain elements 

and can thus alter the original characteristics of downcore elemental behaviors of both detrital (Si, Ti, Al 
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and K) and secondary/diagenetic elements (Ca, P, Mn, S and Cr). Recovery of the sediment composition 

from the effect of dumping to its original concentration seems to be attained at the old dumping site 

within less than a decade. Such a recovery suggests that slag dumping may produce a local rather than 

regional effect on biogeochemical processes. This also implies that sediment efficiency in trapping 

released contaminants from slag-sediment interactions may take a few years (about 5 or more) after 

dumping. Therefore, caution should be taken in dumping slag waste in other fragile ecosystems such as 

reef formations, mangroves and estuarine ecosystems harboring diverse marine and freshwater biota, 

although the effect of buried sediment rich in slag contaminants on the benthic biotic abundance and 

structure is beyond the scope of our present study. Furthermore, sediments of considerable thickness 

(~4-5 cm) with greatly reduced contents of detrital elements (Si, Ti, Al and K) may possibly be used as 

an indicator zone for future environmental monitoring studies in this region.   
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Figure Legends 

Figure 1 Map showing the study area off southwestern Taiwan. The locations of core samples used in 

this study, including the old and new dumping sites, are also shown as an enlargement. Core CS8 is not 

included in this study because of its short length (9 cm). 

 

Figure 2 210Pbexcess variations for the sediment core CS19 from old dumping site. Sedimentation rate 

(SR) obtained are also indicated. 

  

Figure 3 Depth profiles of selected detrital elements in cores CS12, CS14, CS19 and CS21. 

 

Figure 4 Depth profiles of diagentic elements, including calcium carbonate (CaCO3) and organic carbon 

(OC), in cores CS12, CS14, CS19 and CS21. 

 

Figure 5 Downcore profiles of silicate weathering indicators illustrating recent weathering trends in 

cores CS12, CS14, CS19 and CS21. 

 

Figure 6 Downcore profiles of As, Cd and Pb depicting modern anthropogenic influence in cores CS12, 

CS14, CS19 and CS21 from off southwestern Taiwan. 
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Table 3 
PCA for geochemical data (Varimax normalized) from sediment cores, CS12, CS14, 
CS19 and CS21, off southwestern Taiwan. 

 
Variable Factor 1 Factor 2 Factor 3 
  (Terrigenous (Diagenesis) (Industrial 
  input)    input)   

 
 
Si    0.75  −0.25    0.21 
Ti    0.90  −0.16  −0.23 
Al    0.89  −0.18  −0.16 
Fe    0.00    0.89  −0.31 
Ca  −0.95    0.28    0.11 
Mg  −0.98    0.00    0.00 
Na    0.78  −0.26    0.00 
K    0.92    0.00  −0.23 
P  −0.63    0.73    0.00 
Cl  −0.15    0.00  −0.27 
S  −0.92    0.26    0.15 
As  −0.21    0.00    0.79 
Ba    0.55  −0.35  −0.25 
Cd  −0.10    0.80    0.34 
Cr  −0.56    0.79    0.12 
Cu    0.77    0.22    0.22 
Ga    0.91  −0.16  −0.17 
Mn  −0.88    0.45    0.00 
Ni    0.91  −0.24    0.00 
Pb  −0.30    0.64    0.23 
Rb    0.86  −0.13  −0.38 
Sr  −0.94  −0.15    0.19 
V  −0.11    0.87  −0.30 
Zn    0.45    0.80    0.16 
Zr  −0.85  −0.30    0.17 
Mz  −0.80  −0.29    0.26 
Corg    0.00    0.21  −0.75 
CaCO3  −0.22    0.30    0.73   
 
Eigenvalues 13.79    5.56    2.84 
Variance % 49.23  19.85   10.15 
 

 
Significant loadings (>0.7) are in bold.  
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