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Introduction
Pohang Tertiary mudstone presents the issue of acid rock drainage as it readily reacts 
with oxygen and water during the weathering process. In general, acid rock drain-
age adversely affects the surrounding environment as well as the stability, lifespan, and 
landscape of structures [1, 3]. Acid rock drainage is a result of oxidation by sulfide min-
erals in the rock. Sulfide minerals are produced through various geological processes, 
such as diagenesis, precipitation from hydrothermal solution, and reaction between 
host rock and hydrothermal solution. A notable sulfide mineral is pyrite (FeS2), which 
remains stable if it is not in contact with the atmosphere. However, when it is exposed 
to the atmosphere during earthwork, it reacts with oxygen and water to produce acid 
rock drainage, which produces sulfuric acid and metal precipitates [2]. Evaluating the 
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acid rock drainage is necessary to determine the suitability of using Pohang Tertiary 
mudstone as a road subbase material. In this study, the capacity of tertiary mudstone 
to generate acid rock drainage and the capacity of a mixed slag (70% steel slag + 30% 
blast furnace slag) to neutralize acid rock drainage of Pohang Tertiary mudstone were 
determined.

Methods
Materials

The Pohang Tertiary mudstone samples were obtained from a construction site located 
in a residential area development site in Iin-ri, Heunghae-eup, Pohang, North Gyeong-
sang Province. This area’s bedrock has a high potential for generating acid rock drainage 
(KIGAM, 2019). The samples, which were obtained from four locations, were fabri-
cated according to the quartering method. The samples were named EN-R1 ~ R4, with 
’EN’ referring to Iin-ri and ’R’ referring to ’rock.’ The samples were completely dried and 
ground to 200 mesh (< 75 mm) or smaller for the tests.

Testing methods

An elemental analyzer (vario MACRO cube) was used to analyze the total sulfur con-
tent. 100 mg of the sample that was completely dried in a hot air oven and ground to a 
particle size 200 mesh or smaller was used. The contents of C, H, N, and S (%) were ana-
lyzed via the 850 ~ 1150 °C combustion method. The maximum potential acidity (MPA) 
was calculated using the analyzed sulfur content (%) with Eq. (1) proposed by the ARD 
Test Handbook [4].

The acid neutralization capacity (ANC) test evaluates the ability of constituent miner-
als to neutralize acidic rock drainage arising from sulfide minerals in the sample. First, 
the presence of CaCO3 is confirmed through the fizz test by dropping three to four 
drops of 8% HCl to the sample. The concentrations and volumes of HCl and NaOH are 
determined. ANC is then calculated using Eq. (2) [5]. 
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decomposes the remaining H2O2. Once the decomposition process is complete, NaOH, 
with a predetermined concentration depending on the NAG pH, is added to the solution 
to increase the pH to 4.5 via titration. If NAG pH is over 2, titrate with 0.1 M NaOH. If 
NAG pH is lower than or equal to 2, titrate with 0.5 M NaOH. Upon the completion of 
the test, the NAG value is calculated according to Eq. (3), and the potential acid genera-
tion of the sample is calculated according to Table 1 [4].

Results and discussion
Probability of mudstone acid rock drainage generation

The analysis results of the C, H, N, and S contents (%) in the mudstone samples were 
obtained using an elemental analyzer. All sulfur is assumed to exist in the form of pyrite, 
and Eq.  (1) is used to calculate the maximum potential acidity (MPA). Although the 
sulfur content values of each location varied up to twofold, in general, the values were 
greater than 1%, indicating a high risk of acid rock drainage generation [2]. The meas-
urement results of the net acid generation (NAG) of each sample also show that sample 
EN-R4 exhibited the highest NAG value, followed in order by EN-R1, EN-R3, and EN-R2 
(Table 1).

Analysis of the neutralization capacity of the mixed slag

According to the unified soil classification system, the mixed slag gains were classified as 
GP (poorly-graded gravel). By the XRF analysis results, there was a low amount of SiO2 
detected (18.05%). In contrast, there were high amounts of Fe2O3 and CaO measured. 
This result is due to the slag being produced in steel mills, resulting in high amounts 
of metal oxides. CaO was present in an abundant amount, which may signify the slag’s 
potential as an acid neutralizer. Melilite, apatite, olivine, and iron oxide compounds were 
measured according to the XRD pattern. A high proportion of minerals with Ca- com-
pounds consisting of basic substances were also detected. According to mixed slag’s 
inductively coupled plasma atomic emission spectroscopy (ICP-AES) measured values, 
a small concentration of chrome was detected (0.35 ppm). As a characteristic of a steel 
mill slag, a high concentration of Ca2+was detected with a measured value of 60.50 ppm, 
indicating its potential as a neutralizing agent.
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Table 1  Acid base accounting test results of the Pohang Tertiary mudstone samples

Note 1: The safety factor (ANC/MPA) is an indicator of the relative safety margin regarding acid rock drainage. Based on a 
safety factor = 1, it is considered safe if the value is greater than 1, and unsafe if the value is less than 1

Note 2: PAF (Potentially acid forming) indicates a high probability of acid rock drainage generation. UC means uncertain

Sample MPA
(kg H2SO4/t)

NAPP
(MPA-ANC)

ANC

MPA
NAG
(kg H2SO4/t)

NAG

NAPP
Geochemical
classification

EN-R1 84.64 63.19 0.25 27.03 0.43 PAF

EN-R2 30.36 − 31.34 2.03 2.94 − 0.09 UC

EN-R3 38.80 − 7.18 1.19 13.89 − 1.93 UC

EN-R4 51.21 37.85 0.26 37.64 0.99 PAF



Page 4 of 5Baek et al. Geo-Engineering            (2021) 12:2 

The neutralization capacity values of the mixed slag were obtained using the relation-
ship between maximum potential acidity (MPA) and acid neutralization capacity (ANC). 
With the ANC of pure limestone (CaCO3) as a reference, the ANC value of the mixed 
slag was calculated as 693.9. The proportion of mixed slag to neutralize a sulfur content 
of 1% was calculated to be 4.5% using the neutralization relation equation.

Another test method of analyzing neutralization capacity involves periodically adding 
small amounts of mixed slag to the mudstone samples that were used in the NAG pH 
tests. According to the test, an average of 0.161 g of mixed slag is required to neutralize 
each of the samples to pH 7 (Fig. 1). Therefore, the ratio between the amount of mixed 
slag (g) that is added and the average sulfur content was calculated as 1:7.67. The same 
ratio was produced by the test results based on weight and the previous test based on 
percentages. The mixed slag amount required for neutralization according to the sulfur 
content was verified (Table 2).

Conclusions
In this study, laboratory experiments were conducted to determine the acid rock drain-
age neutralization capacity of a mixed slag (70% steel slag + 30% blast furnace slag) 
against Pohang territory mudstone.

1.	 According to the analysis results on the Pohang territory mudstone, the total sulfur 
content was high, which in turn indicates a high risk of acid rock drainage generation 
reflected by a maximum potential acidity (MPA) higher than 1%. All in all, although 
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Fig. 1  pH change of Pohang Tertiary mudstone samples according to the addition of mixed slag

Table 2  Required mixed slag amount by sulfur

Sample Weight
(g)

Initial
pH

S (g)
in weight

Aver
S (g)

Mixed slag(g)
to pH 7

Aver
Mixed slag (g)

EN-R1 1.2503 2.83 0.036 0.021 0.196 0.161

EN-R2 1.2511 3.99 0.012 0.104

EN-R3 1.2517 3.13 0.016 0.148

EN-R4 1.2514 2.56 0.021 0.196
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there were slight deviations between the samples, overall, the samples exhibited high 
acid rock drainage generation capacities.

2.	 The XRF analysis of mixed slag results showed high amounts of Fe2O3 and CaO were 
measured. The CaO content was especially high, indicating the potential of the mixed 
slag as an acid-neutralizing agent. From the XRD analysis graph, a high proportion of 
minerals with Ca- compounds consisting of basic substances were present.

3.	 The relationship between maximum potential acidity (MPA) and acid neutralization 
capacity (ANC) was used to analyze the mixed slag’s neutralization capacity in the 
case 4.5% mixed slag is applied to neutralize 1% sulfur content in the tertiary mud-
stone samples. As a result, the neutralization capacity of the mixed slag was verified.
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