
Journal of Geoscience and Environment Protection, 2018, 6, 126-142 
http://www.scirp.org/journal/gep 

ISSN Online: 2327-4344 
ISSN Print: 2327-4336 

 

DOI: 10.4236/gep.2018.62009  Feb. 28, 2018 126 Journal of Geoscience and Environment Protection 

 

 
 
 

Health Consequences  
of Acid Rain  
in South West Sweden 
—Influence of Acid Well Water on Health and Hair Mineral Pattern 

I. Rosborg1, B. Nihlgård2 

1Sustainable Development, Environmental Science and Engineering (SEED), School of Architecture and the Built Environment 
(ABE), KTH Royal Institute of Technology, Stockholm, Sweden 
2Institute of Biology, Ecology Building, Lund University, Lund, Sweden 

 
 
 

Abstract 

Acid rain leads to loss of essential elements from soils and bedrock, causing an 
imbalance in especially dug well waters, as essential element concentrations 
decrease and potentially toxic element concentrations increase. In this study 
72 private dug wells from acid regions (pH < 6) were compared with 68 wells 
from an alkaline area on limestone bedrock (pH > 7.0) in South-western Swe-
den. Women, drinking the water for at least 5 years, were interviewed about 
their health and water and hair samples were collected. The concentrations of 
about 40 elements in water and hair were analysed, mostly by ICP-MS. The 
concentrations of essential elements such as Ca, Cr, Mo, Se, K, and SO4 as well 
as the body’s buffering agent HCO3 were significantly lower in acid than in 
alkaline water. The median Ca concentration was 6 times lower in acid waters, 
and also in hair compared to alkaline. Median HCO3 was 14 times lower in 
acid waters. Mg was similar in both populations, since the Swedish bedrock in 
general has low Mg content, even so limestone in the alkaline area. The con-
centrations of especially Ca, Cr, HCO3 and SO4, peaked at pH 7.0 - 8.0, due to 
precipitation of carbonates and sulphates in alkaline soils and leaching from 
acid soils. The levels of toxic metals such as Cd and Pb were significantly 
higher in acid well water. High Cu concentration from pipes, causing espe-
cially diarrhoea, is a serious acidification problem. The contribution of essen-
tial elements to the daily intake from these well waters, 2 Litres consumption 
per day, was from 0% to above 30% for some elements, clearly showing that 
10%, which is generally predicted, can be exceeded for people with private 
well waters, as well as provide 0%, which is the case for many acid well waters. 
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Water elements were mirrored in hair, e.g. Ca and Mo. The loss of essential 
minerals, and increased concentration of toxic elements in acid well water, 
caused mineral imbalances in the body, as mirrored in hair. Women living 
in the acid area reported more negative health changes than women in the 
alkaline district, during the time they had been drinking their well water. 
The number of reported heart, intestinal, muscle, and skin problems were 
between 2 and 9 times higher among women drinking acid than alkaline 
well water.  
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1. Introduction 

Combustion of coal and oil causes emissions of SO2, due to the sulphur content 
of coal and oil from especially proteins. Sulphur reacts with O2 in air, forming 
SO2 gas. South-western Sweden suffered from acid rain during the 1960’-1990’s, 
as the dominating south-west winds brought SO2 in air and H2SO4 in rain from 
continental Europe and the British Isles. The pH of rain was generally 4 - 4.5, 
and below 4 at occasions [1]. The area sometimes labelled “Acidification ba-
nana” (Figure 1), suffered the most, since the rainfall is heaviest in this region, 
and the bedrock is dominated by hard weathered primary rock bedrock, 
orto-gneiss and granite, and consequently very sensitive to acidification [2]. 
Concentrations of mineral elements like K, Ca, Se and Cr decreased remarkably 
in soil and stream water, as the nutrients were washed out of soils, and concen-
trations of toxic elements like Cd, Hg and Pb increased [3]. Fish and shellfish 
died and problems with rejuvenation were frequently reported [4]. 

Forests were damaged due to both dry and wet deposition of acidic com-
pounds, and roots of trees were negatively influenced e.g. by aluminium com-
pound precipitates that prevented nutrients to enter roots [5]. 

Figure 2 is a photo from the acidified area labelled “Acidification banana”. 
This area is highly sensitive to acid rain, since it is dominated by hard weathered 
gneiss and granite. Spruces and pine trees are dominating species.  

Contrary, the Kristianstad flatland is dominated by sandstone on primary 
rock bedrock, with limestone and alkaline soils on top of the sandstone. Thus, 
this area is not particularly affected by acid rain.  

In a lake in a barren district between the two big lakes, Vänern and Vättern, 
hundreds of crayfish were still captured in 1965, but only 12 individuals in 1970 
and the shells had become soft as silk paper. Only big, old pike and perch were 
captured. In 1975 blueberry jam diluted with dug well water suddenly was pur-
ple instead of dark blue, which it was only the year before, now indicating acidic  
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Figure 1. Geological map of Sweden (SGU, Geological Survey of Sweden 2017). Studied 
acid and alkaline areas. 

 

 
Figure 2. A picture mirroring the specific nature in the areas of Sweden that suffered the 
most from acid rain, dominated by spruce and pine trees, granite and gneiss [6]. 

 
well water. pH meter showed pH 5.8. Two years later a child got severe diar-
rhoea after drinking infant’s formula prepared on dug well water. Copper pipes 
recently installed were, opposed to older pipes, bendable, as they were produced 
from a soft alloy, which dissolved copper into the acid water. Water analysis 
showed elevated copper concentration. Researchers had been discussing copper 
from pipes due to acid well water and diarrhoea in infants for some time [7]. In-
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stallation of alkaline filter with dolomitic limestone reduced the acidity of water. 
Thus, the water was also mineralized to some extent as the Ca concentration in-
creased from below 10 mg/L to slightly above, and the alkalinity, HCO3, in-
creased from about 20 mg/L to 60 mg/L. Such a filter was regenerated with 
dolomitic limestone each three months. In one case, the whole family was more 
alert after each re-generation of the filter, although the mineral levels were still 
low. This gave an awareness of the importance of minerals from drinking water 
for proper health. 

In 1996 the opportunity to study Acid Rain and health effects appeared. Thus, 
though long time since the negative health effects were first noticed, a scientific 
study was initiated. 

2. Material and Methods 

2.1. Water and Hair Sampling 

In the autumn 1997 47 women in an acid area and 43 in an alkaline district were 
randomly selected for water and hair sampling. Since there did not exist any 
public register on pH of well waters, driving around in the acid district and alka-
line area was the only way to find study subjects. Thus, during the autumn 1997 
women were selected through knocking doors in the respective districts. Less 
than 5% of women answering the door denied participation in the study. All 
were living in private houses with private wells (dug wells, no water filter, pH < 6 
(acid area) and pH > 7 (alkaline district), respectively, as tested by a field pH 
meter, Knick model 912) all in the “Acidification banana”, pH < 6, dominated by 
primary rock bedrock (gneiss and granite), and on the Kristianstad flatland, 
pH > 7, dominated by limestone bedrock and alkaline soils [8]. Women were se-
lected if they had been drinking their specific water for at least 5 years. Three 
years later another 50 women, 25 from the acid area and 25 from the alkaline, 
were visited for water and hair sampling in the same regions. Hair samples were 
obtained from all participants, approximately 3 cm (~0.5 g) of hair strands from 
the proximal end in the occipital region. The same stainless steel scissors were 
used throughout the study. Hair samples were kept in a closed envelope until the 
time of analysis. A sample of 250 mL of water was collected from the kitchen tap 
of the homes of all participants after half a minute of flushing to avoid corrosion 
products in the samples, and filled to the top. The water samples were deep fro-
zen within 7 hours and kept in a freezer (−20˚C) until analysis at the Depart-
ment of Ecology, Lund University, Sweden. The night before the analysis, the 
water samples were thawed in a refrigerator (+4˚C). No filtering of the water 
took place before analysis. 

2.2. Health Questionnaires 

A structured health questionnaire was completed during the visit. Women were 
asked about health changes related to their gastro-intestinal tract, cardiovascular 
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system, muscles, renal system, and skin the last five years or more, where num-
ber of years were linked to when they started to drink their specific well water. In 
case health problems had occurred during that time, women were asked in more 
detail about symptoms. There was also a question regarding food habits.  

2.3. Vegetables and Soil 

To find out whether the differences in hair minerals in the two areas were not 
only due to different mineral levels in well waters, vegetables were cultivated 
during the summer 2006 from 60 women participating in the study in 1997. The 
vegetables were; carrot (Daucus carota L.), parsley (Petroselinum crispum), 
chive (Allium schoenoprasum) and lettuce (Eruca sativa). The vegetables were 
harvested in August, and rinsed in tap water from the kitchen of the participat-
ing women. Soil samples were taken from the kitchen gardens of the upper 10 
cm. 

2.4. Water Analyses 

After thawing and adjusting to room temperature, pH (Radiometer PHM84, 
glass electrode) and conductivity (Radiometer CMD92, 20˚C) was measured in 
water samples, with an accuracy of 0.01 for both parameters. The samples were 
acidified by adding nitric acid (HNO3) to 1% in the original sample bottles be-
fore the analysis of metals. Al (396.152 nm), Ca (317.933 nm), Cu (324.754 nm), 
Fe (238.204 nm), K (766.491 nm), Mg (279.079 nm), Mn (257.610 nm), Na 
(589.592 nm), and Zn (213.856 nm) in the water samples were analyzed by ICP 
OES (Inductively coupled plasma optical emission spectroscopy; Perkin-Elmer, 
Optima, 3000 DV). The analyses of As (75), B (10), Ba (137), Cd (111), Co (59), 
Cr (52), Hg (202), Mo (98), Ni (58), P (31), Pb (208), Se (82), Si (28), Sr (88), Ti 
(48) and V (51), which were down to the ng/L range, were made by ICP-MS 
(inductively coupled plasma mass-spectrometry; Perkin Elmer, ELAN-6000). 
Atomic spectroscopy standards from Perkin-Elmer, Spex, AccuStandard and 
Merck were used. The analyses give total concentration of the elements, as the 
isotope ratios in the standards should correspond closely to the normal ratios in 
earth. Three replicate analyses were performed. Internal quality control with re-
test of standards was undertaken after every 20th analyses. NH4-N and NO3-N 
were analysed using colorimetric methods on a FIA-instrument. Cl, SO4-S and F 
were analysed using ion chromatography, HCO3 by HCl titration and TOC on a 
Shimadzu TOC-500 instrument. All analyses were performed at the Department 
of Ecology, Lund University, whose laboratory has taken part in the ITM (Insti-
tute of Applied Environmental Research testing program). The results have con-
sistently been within 10% of the average values of the participating laboratories. 

2.5. Hair Analyses 

The hair samples were washed in acetone while kept in a pair of teflon tweezers, 
and rotated for 15 - 20 seconds. Then the hair was dried at 40˚C in an oven. 0.2 g 
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of the hair was digested in ultra clean nitric acid (HNO3) in a microwave oven 
with multi wave function, and transferred to a 50 ml flask. Hair samples were 
analysed on similar elements as in water samples on ICP-OES and ICP-MS. All 
analyses were performed at the Department of Ecology, Lund University 

2.6. Vegetable and Soil Analyses 

At the Department of Ecology, Lund University, Sweden, the vegetables were 
dried at 40˚C in an oven. 0.2 g of respective vegetables were digested in ultra 
clean nitric acid (HNO3) in a microwave oven with multi wave function, and 
transferred to a 50 ml flask. The concentrations of about 35 elements and ions 
were determined by ICP OES and ICP-MS. Exchangeable amounts of some 
dominant minerals (especially Na, K, Ca, Mg, Al, Fe, Mn) in soil were analysed 
in extracts of BaCl2. 

2.7. Statistics 

Parametric statistics (Students t-test) were used for elements that showed a 
normal distribution (checked by Normal Probability Plots, Levene’s test). For 
elements with a skewed distribution, nonparametric statistical processing was 
applied (Mann-Whitney’s U-test). Possible associations between the concentra-
tions of elements were investigated by calculating correlation coefficients (Spear-
man’s rho). P-values < 0.05 were accepted as statistically significant (two- tailed 
tests). Simple linear regression analyses were undertaken to elucidate the impact 
of different predictors on the variation in element and ion concentrations in water. 
Model fits were checked by means of residual analyses [9]. Calculations were per-
formed using the Statistical Package for the Social Sciences (SPSS version 10.0). 

3. Results 

Results of water and hair are presented from the sampling in 1997, since no sig-
nificant differences were detected from the second sampling period. Ions are 
presented without charges. 

3.1. Water Quality 

The highest Cu concentrations in well waters were found around pH 6. The 
highest conductivity and concentrations of Ca, Mg, Na, Sr, Ti, HCO3 and SO4 
appeared in the range pH 7.0 - 8.0, see Figure 3 for conductivity. 

Figure 3 clearly shows the lack of mineral elements, as represented by con-
ductivity, in the acid well waters, pH < 6.5. Actually, the pH of these well waters 
were all below 6, but through storage in a freezer, the levels raised approximately 
0.5 pH units. It can be noticed that alkaline well waters had maximum conduc-
tivity and highest concentrations of a number of elements in the pH range 6 - 7, 
as mirrored by conductivity.  

Median concentrations and ranges of acid and alkaline well waters are pre-
sented in Table 1.  
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Figure 3. Conductivity vs pH in the whole material in the study of acid and alkaline well 
waters, indicating a positive trend in acid water, and a negative trend in alkaline well wa-
ters. One spot represents one specific well water. 

 
Conductivity and the concentrations of NH4-N, As, HCO3, SO4-S, Ca, Cr, Mo, 

Se and Sr were all significantly higher (p < 0.001) in well water from the alkaline 
area as compared with well water from the acid area. The result was similar for 
V, Ni and K (p-values < 0.04). On the other hand Ba, Cd, Cu, F, Pb and P (p < 
0.001) and NO3-N (p = 0.044) levels were all significantly higher in the acid wa-
ters. 

Figure 4 clearly shows the big difference between Ca levels in acid and alka-
line well waters, median 6 times higher in alkaline. However, Mg concentrations 
are almost the same, since limestone and soils on the Kristianstad flatland is 
poor in Mg. The elevated Cu in acid well waters, see Figure 5 above, is due to 
dissolution from pipes. However, the highest concentration was at pH 6, which 
can be explained by the high HCO3 levels at pH 6. 

The median molar ratio (Ca + Mg + K)/Al) was 239 in acid, and 1412 in alka-
line well water (p < 0.001), indicating protection from Al by the essential ele-
ments Ca, Mg and K in well waters from the alkaline area. In addition, the me-
dian molar ratio between some micro-nutrients and some toxic elements (Se + 
Cr)/(Cd + Hg + Pb) was 1 in acid, and 172 in alkaline well waters (p < 0.001). 

The contribution to the daily intake of mineral elements from well waters is 
presented in Table 2.  

The largest contribution to the daily intake of the essential minerals Ca, Mg, 
Fe, Na, K, Cr, Se, Mo and Zn were from alkaline well waters, while acid well wa-
ters provided more of Cu and Mn than alkaline. Among alkaline well waters  
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Table 1. Median concentrations and ranges of acid and alkaline well waters [10]. 

 Median acid Range acid Median alkaline Range alkaline Unit 

pH 6.0 4.45 - 6.45 7.6 7.1 - 8.9  

Conductivity 10.8 4.9 - 24.1 29.7 5.3 - 89 mS/m 

NH4-N 0.00 0.00 - 0.027 0.044 0.02 - 1.5 mg/L 

Ca 9.8 1.6 - 25.2 61 26 - 131 mg/L 

Mg 1.7 0.5 - 5.7 2.1 0.5 - 6.6 mg/L 

K 2.5 0.2 - 30 3.6 0.0 - 45 mg/L 

Na 6.2 1.9 - 21 6.4 2.6 - 101 mg/L 

HCO3 11.4 0 - 51 141 68 - 300 mg/L 

Cl 11.9 3.9 - 68.4 18.1 4.5 - 180 mg/L 

NO3-N 1.8 0 - 16 0.4 0.0 - 30 mg/L 

SO4-S 3.6 1.7 - 9.1 8.7 0.9 - 60 mg/L 

Si 1.2 0.3 - 8.1 1.4 0.01 - 7.8 mg/L 

TOC 0 0 0.0 0.0 - 0.0 mg/L 

Al 40 4 - 1080 36 22 - 47 µg/L 

As 0.16 0.07 - 0.68 0.5 0.08 - 11.7 µg/L 

Ba 52 10 - 123 7.1 1.5 - 81.7 µg/L 

B 10.6 3.5 - 34.7 9.3 0.7 - 106 µg/L 

Cd 0.047 0.01 - 0.40 0.01 0.0 - 0.25 µg/L 

Cr 0.03 0.03 - 0.6 1.8 0.1 - 8.2 µg/L 

Co 0.14 0 - 14.2 0.2 0.05 - 1.5 µg/L 

Cu 117 6 - 3200 14 0.0 - 430 µg/L 

F 408 0 - 870 0.0 0.0 - 230 µg/L 

Fe 17 3 - 630 10 0.0 - 2900 µg/L 

Pb 0.50 0.04 - 3.7 0.02 0.0 - 1.4 µg/L 

Mn 18 1 - 325 20 2.0 - 130 µg/L 

Hg 0.02 0 - 0.03 0.02 0.0 - 0.06 µg/L 

Mo 0.01 0 - 0.37 2.1 0.3 - 14.8 µg/L 

Ni 0.32 0.01 - 19 0.9 0.01 - 19 µg/L 

P 11.1 0.5 - 34 2.5 0.0 - 73 µg/L 

Se 0.28 0.12 - 0.94 0.5 0.12 - 12 µg/L 

Sr 42.3 10.8 - 168 194 59 - 350 µg/L 

Ti 8.0 1.6 - 36 0.7 0.0 - 210 µg/L 

V 0.17 0.05 - 1.36 0.3 0.03 - 2.1 µg/L 

Zn 58 7.0 - 1100 43 1.0 - 1300 µg/L 
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Figure 4. Median Ca, Mg and HCO3 concentrations in acid and alkaline well waters in this study. 

 

 

Figure 5. Median Cu and Ba in this study of acid and alkaline well waters. 
 
Table 2. Mineral elements from well waters in this study and their contribution to the daily intake, recommended or average in-
take [11] [12] based on a daily consumption of 2 litres of water.  

Mineral 
element 

Recommended or  
Common daily intake 

Mean contribution to recommended or average 
daily in% (2 Liters consumption), acid area 

Mean contribution to recommended or average daily 
intake in% (2 Liters consumption), alkaline area 

Ca 800 mg 2.7 14 

Mg 280 mg <1 <1 

Na <1000 mg 1,5 5 

K 2000 mg 0.4 0.5 

Cl 800 mg 4.3 6.6 

Fe 14 mg 0.6 2.5 

Zn 10 mg 2.4 3 

Mn 2 mg 4.1 2.4 

Cu 1 mg 70 17 

Cr 40 micg 1 18 

Se 50 micg 1.2 4 

Mo 50 micg 0.4 14 
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there were waters that provided 33% to the daily intake of Ca, and 46% of Fe, 
while among acid well waters one provided 256% to the daily Cu intake, and one 
62% to F intake, indicating that the assumed 10% contribution from drinking 
water can be exceeded for consumers of especially private well waters, while es-
pecially acid well waters may give no contribution at all.  

3.2. Soil/Vegetable Quality 

Only Mo (p < 0.001) concentrations were significantly higher in all the different 
vegetables from the alkaline district compared to vegetables from the acid areas. 
On the other hand Ba, Br, Mn, Rb and Zn were significantly higher (p < 0.001 - 
0.008) in vegetables from the acid area. Only Ca concentrations in soil from the 
alkaline area were significantly higher (p = 0.01) than in soil from the acid area. 
Fe, Mn and Na were higher (p < 0.001) in soil samples from the acid area [13].  

3.3. Water Consumption 

Median number of litres of well water consumed including soup, coffee etc. was 
1.4 L among women with acid well waters, and 1.5 L for women drinking alka-
line well waters. 

3.4 Hair Analysis 

Median element concentrations in hair of women drinking acid and alkaline well 
waters, respectively, are presented in Table 3.  

B, Ba and Cu concentrations were significantly higher in “acid hair” (p < 
0.002), while Ca, Mo, Fe, Se and Sr levels were significantly higher in “alkaline 
hair” (p < 0.001). Se concentrations in hair samples from the acid area were be-
low the detection limit (5 ng/g) in 39 out of 47 samples. Strong positive correla-
tions were observed between element concentrations in hair and water for Ca (rs 
= 0.57; p < 0.001), Sr (rs = 0.46; p < 0.001), Mo (rs = 0.52; p < 0.001) and Pb (rs = 
0.34; p = 0.001), indicating that water minerals are mirrored in hair and impor-
tant for body mineral content. 

Median Ca levels in alkaline well waters were 6 times higher than acid. The 
same pattern was found in women’s hair, see Figure 6.   

Significantly different ratios in hair were (Ca + Mg + K)/Al); 177 in acid and 
804 in alkaline; (Se + Cr)/(Cd + Hg + Pb) 0.2 in acid and 0.5 in alkaline, respec-
tively, which indicates protection from toxic elements by essential ones in “alka-
line” hair. 

3.5. Health Effects/Outcomes 

Number of reported health changes occurring during the time women had been 
drinking their specific well water are presented in Figure 7 [15]. 

Figure 7 clearly shows the difference in health status between the two groups. 
There was no difference in food habits, indicating the importance of drinking 
water quality. 
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Table 3. Median concentrations and ranges of elements in hair of women drinking acid 
well water, “acid hair”, and women drinking alkaline well water, “alkaline hair” [14]. 

 Median “acid hair” Range “acid hair” Median “alkaline hair” Range “alkaline hair” Unit 

Ca 283 50 - 2830 1290 231 - 5630 µg/g 

Mg 26.4 9.5 - 424 32.2 7.2 - 299 µg/g 

K 41.1 1.25 - 3370 54.6 3.5 - 1780 µg/g 

Na 74.1 19.7 - 5600 123 22 - 2850 µg/g 

Al 5.2 1.4 - 21.4 3.4 0.2 - 21.4 µg/g 

Cu 47.4 6.1 - 716 19.8 8.3 - 179 µg/g 

Fe 9.53 0.25 - 29.3 18.4 6.12 - 195 µg/g 

Mn 0.355 0.050 - 8.554 0.503 0.071 - 25.2 µg/g 

Hg 0.376 0.012 - 3.503 0.327 0.086 - 0.960 µg/g 

Ni 0.354 0.055 - 2.15 0.248 0.006 - 4.64 µg/g 

Rb 0.054 0.0025 - 6.68 0.064 0.007 - 2.054 µg/g 

Sr 0.627 0.021 - 8.61 2.64 0.312 - 13.2 µg/g 

Ti 0.958 0.128 - 13.86 1.2 0.54 - 4.30 µg/g 

Zn 163 84 - 278 174 73 - 240 µg/g 

P 130 81 - 340 119 26 - 192 µg/g 

S 42,500 30,200 - 50,200 43,800 41,500 - 51,700 µg/g 

As 17 3.9 - 64 22 7.4 - 99 ng/g 

Ba 1057 10 - 7150 324 10 - 2130 ng/g 

B 281 0.5 - 7070 0.5 0.5 - 18,400 ng/g 

Cd 16 2.5 - 227 30 2.5 - 253 ng/g 

Cr 167 20 - 659 207 77 - 3690 ng/g 

Co 8.4 2.5 - 702 16 2.5 - 267 ng/g 

Pb 755 7.5 - 9480 612 109 - 2180 ng/g 

Mo 12.8 0.5 - 190 29 7.5 - 311 ng/g 

Se <5 1.8 - 119 127 2.5 - 335 ng/g 

V 10 1.0 - 98 24 9.4 - 58 ng/g 

4. Discussion 

The results indicate that most essential minerals and ions in dug well water in 
studied areas appear at highest concentrations in the pH-range 7 - 8. Especially 
Ca precipitates as CaSO4 and CaCO3 at elevated pH levels, and at lower pH 
many minerals are washed out of soils. 

The importance of mineral-rich drinking water for the human health has been 
clearly stated by e.g. Schroeder (1966) [16], Rubenowitz et al. (1996, 2000) [17] 
[18], Rylander (1991) [19], Costi et al. (1999) [20], and Yang et al. (1999, 2002) 
[21] [22] who had focus on Ca, Mg, while Rylander (2008) [23] also included  
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Figure 6. Median hair concentration of Ca of women drinking acid well water vs. alka-
line. 

 

 

Figure 7. Reported negative health changes during the time women had been drinking 
their specific well water [15]. 

 
HCO3. Ca is needed especially for proper teeth and bones, but also proper mus-
cle function, including heart function, and Mg acts as a cofactor for nearly 300 
enzymes important for energy production and storage, the carbohydrate me-
tabolism, heart, muscles, bones and nerve impulses [12]. HCO3 is the major 
buffering agent in the body. Elevated HCO3 concentration in drinking water 
helps in minimizing urinary loss of Ca and Mg [24] [25]. Such losses are a con-
sequence of acidification of the body, which in turn can be a consequence of 
drinking low mineral water [23] [26], as e.g. acid well water. 

In USA a panel of experts found that areas of the US with the highest longev-
ity of humans had on average 20 mg/L Mg and 245 mg/L HCO3 [27]. These 
concentrations are very high compared to the values in acid areas in this study, 
median Mg 1.7 mg/L and HCO3 11.4 mg. However, alkaline area dug wells were 
also low in Mg, median 2.1 mg/L. Thus, the low concentrations of especially Ca 
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and HCO3 in acid well waters more likely explain the higher frequency of re-
ported negative health changes of women living in the acid region. Hair of 
women in the acid area was also low in Ca compared to women from the alka-
line district, 6 times lower, mirroring the mineral levels in water.  

Magnesium from drinking water is more scientifically recognized as impor-
tant for the human health than calcium. In a study, Leurs et al. (2010) [28] found 
that for men with a low dietary magnesium intake, a significant inverse associa-
tion was found between tap water magnesium level and stroke mortality. The 
current position in health authorities, led by WHO, was stated in WHO (2011a) 
[29]; “although, there is some evidence for a protective effect of magnesium or 
hardness on cardiovascular mortality, the evidence is being debated and does not 
prove causality”. However, it is stated that drinking-water may be an important 
source of calcium and magnesium for those who are marginal for calcium and 
magnesium intake. WHO considers current data as insufficient for suggesting 
either minimum or maximum concentrations of minerals, but does not specify 
what kind of studies would provide convincing data. However, Rosborg et al. 
(2014) [30] suggest ranges for a number of nutrient minerals; Ca 20 - 80 mg/L, 
Mg 10 - 50 mg/L, HCO3 100 - 300 mg/L, and SO4 50 - 250 mg/L, as a starting 
point for future regulations, where the lower limit should be regarded as an ab-
solute minimum. 

The low Mo, Fe and Se levels in hair of women drinking acid well water, with 
most Se concentrations below the detection limit, may also contribute to the in-
creased number of reported negative health changes. Se is a powerful antioxi-
dant; Fe is needed especially for the oxygen transport and storage, while Mo is 
crucial for proper liver function [12]. In addition, the higher (Ca + Mg + K)/Al), 
and (Se + Cr)/(Cd + Hg + Pb) ratios in alkaline well water compared to acid, in-
dicate protection against acidification of the body and toxic elements for women 
drinking alkaline well water. However, elevated Fe concentrations, >1 mg/L, may 
cause especially diarrhoea in sensitive persons [31]. Three alkaline well waters 
had Fe concentration >1 mg/L. None of these women reported diarrhoea or 
other intestinal disturbances. However, men are generally more affected, since 
women loose Fe through menstruation, during their period before about 50 
years of age. 

Cu is an essential element, part of many enzymes and needed for proper Fe 
utilization. However, excess Cu may lead to especially diarrhoea and Wilson’s 
disease, where Cu accumulates in the liver, brain and eyes, and ends in hepatic 
cirrhosis, and neurological degeneration [32]. The Cu maximum at pH 6 devi-
ates from earlier findings, as a Cu peak generally is found in alkaline waters 
containing organic matter [33] [34], or elevated HCO3 [35]. In this stud, HCO3 
concentrations peaked at pH 6, which did also copper. The alkaline waters in 
this study all had TOC (Total Organic Matter) below the detection limit, con-
tributing to the low Cu concentrations in alkaline well waters. Even though wa-
ter samples were taken after 1/2 minute of flushing, some samples from the acid 
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area were very high in Cu concentration. From one sample, 3.2 mg/L, and well 
above the WHO guideline value (2011b) [36] of 2 mg/L, the contribution to the 
daily intake for an infant drinking 0.8 L per day, would be 2.56 mg, which is 128 
times the recommended value of 0.01 mg [37], if 50% absorption is assumed. 
High Cu levels may cause intestinal problems, e.g. diarrhoea, especially on in-
fants fed infant formula prepared on such water [38] [39], which may be due to a 
direct toxic effect, but also in the long run an anti-microbial effect in the intes-
tines, causing additional problems [40].  

The contribution to the daily intake of the essential minerals Ca, Mg, Fe, Na, 
K, Cr, Se, Mo and Zn were in many cases 0% from acid well waters, while those 
well waters provided too much of especially Cu, F and Mn, causing an imbalance 
between some essential elements and potentially toxic concentrations of others. 
There were alkaline well waters in this study that provided 33% to the daily in-
take of Ca, and 46% of Fe, while in many cases the contribution was 0% from 
acid well waters, clearly showing that the expected 10% from drinking water [29] 
may be exceeded especially for people consuming private well waters, while es-
pecially acid well waters may give no contribution at all. Specific acid waters 
provided as much as 256% of the daily Cu intake, and 62% of F, possibly causing 
toxic effects in consumers. The health based guideline value for F is 1.5 mg/L, 
where levels above may cause stains on teeth [36]. 

No other element than Mo (p < 0.001) was significantly higher in vegetables 
from the alkaline area than in those from the acid district, while a number of es-
sential elements, HCO3, SO4-S, Ca, Cr, Mo and Se, were higher in alkaline well 
waters than in acid, indicating that the influence on hair mineral elements from 
vegetables is negligible, but important from drinking water. 

The differences in mineral levels of both soils and vegetables in the two areas 
were very small. This finding indicates that the soils, where vegetables were cul-
tivated, probably have been drained of minerals, but also fertilized up to similar 
levels. The contribution of mineral elements to the daily intake was minor from 
the analysed vegetables, except for some samples of lettuce from the alkaline 
area, in contrast to the well water situation. Thus, the contribution to the daily 
recommended, presumed consumption of lettuce 19 g/day, intake was 15% in 
one sample of lettuce, 68% of Mo in another, 9% of Fe in a third one, while two 
samples from the acid area provided 42% of Mn and 16% of Zn, respectively. All 
other contributed less than 3% to the daily intake [13].  

This minor study was presented on the 9th Conference on Acid Deposition, 
Acid Rain, Rochester, USA, 19-23 October, 2015, as the only study, ever, on the 
impact of Acid Rain on human health. Thus, there is need for studies of the in-
fluence of acid well water on human and animal health in areas where acidifica-
tion is currently in an acute stage.  

5. Conclusions 

• The concentrations of a large number of nutrient minerals were significantly 
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higher in tap water and women’s hair from the alkaline area as compared 
with well water and hair from the acid area.  

• The element ratios (Ca + Mg + K)/Al) and (Se + Cr + As)/(Cd + Hg + Pb) 
were significantly higher in alkaline well waters than in acid, indicating pro-
tection from the toxic metals in alkaline waters.  

• Cu concentration in drinking water was extreme in some acid well waters, 
which can be a cause of especially diarrhea, but also nausea (not described by 
women in this study).  

• Drinking water minerals were mirrored in hair composition, and support the 
theory that hair mineral content is an important indicator of mineral intake.  

• Women drinking acid well waters reported a lot more negative health 
changes during the time they had been drinking their specific well water (at 
least 5 years).  

• Among alkaline well waters there were waters that provided much more than 
predicted 10% to the daily intake of especially Ca and Fe, while often close to 
0% from acid waters. 

• The contributions of Cu, F and Mn were high from acid waters.  
• Vegetable minerals (vegetables cultivated in the kitchen garden of partici-

pating women) were not mirrored in the hair mineral composition, indicat-
ing the greater importance of minerals from drinking water.  
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