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Abstract. Therapeutic dosages of lithium are known to reduce suicide rates, which has led to investigations of confounding
environmental risk factors for suicide such as lithium in groundwater. It has been speculated that this might play a role in
the potential relationship between suicide and altitude. A recent study in Austria involving geospatial analysis of lithium in
groundwater and suicide found lower levels of lithium at higher altitudes. Since there is no reason to suspect this correlation
is universal given variation in geology, the current study set out to investigate the relationship between altitude and lithium
in groundwater in the United States of America (USA). The study utilised data extracted from the National Water-Quality
Assessment programme implemented by the United States Geological Survey that has collected 5,183 samples from 48 study
areas in USA for the period of 1992 to 2003. Lithium was the trace-element of interest and 518 samples were used in the
current analyses. Due to uneven lithium sampling within the country, only the states (n=15) with the highest number of lithium samples were included. Federal information processing standard codes were used to match data by county with the mean
county altitude calculated using altitude data from the Shuttle Radar Topography Mission. The study was controlled for
potential confounding factors known to affect levels of lithium in groundwater including aquifer, aquifer type, lithology,
water level and the depths of wells. The levels of lithium in groundwater, increased with altitude (R2 = 0.226, P <0.001) during the study period. These findings differ from the Austrian study and suggest a need for further research accounting also
for the impact of geographical variation.
Keywords: altitude, lithium, groundwater, suicide, United States of America.

Background
Suicide is a worldwide public health issue and recent
studies have investigated environmental factors as a
cause of geographic variation influencing local suicide
rates. Interestingly, several studies have shown a relationship between altitude and suicide rates (Haws et
al., 2009; Brenner et al., 2011; Kim et al., 2011). Kim
et al. (2011) demonstrated that living at higher altitudes was associated with increased suicide rates, controlling for gun ownership, rural situations and mental
health. Evaluating 2,584 counties in the United States
of America (USA), Brenner and colleagues (2011)
found that suicide rates significantly increase beginning at 2,000 ft (610 m) of residence. It has been sug-
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gested that the underlying mechanism could be hypobaric hypoxia, which can reduce brain serotonin levels
thereby increasing depressive symptoms (Young,
2013).
It is well known that an association exists between
therapeutic dosages of lithium and reduced suicide
rates (Cipriani et al., 2005). However, the threshold
lithium level, which conveys protection against suicide, remains unclear. The association between lithium
and suicide rates has motivated several studies examining the effect of lithium in ground/drinking water
and suicide mortality with mixed results. A few studies
have shown a positive association between increased
levels of lithium and lower rates of suicide (Ohgami et
al., 2009; Kapusta et al., 2011; Bluml et al., 2013;
Giotakos et al., 2013). In contrast, a study of 47 subdivisions in the east of England found no association
between lithium in drinking water and suicide rates
(Kabacs et al., 2011). It is unclear whether increased
levels of lithium offer protective properties or if the
efficacy of lithium is confounded by other environmental factors.
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Lithium, altitude and suicide
A study of lithium in healthy volunteers has demonstrated that altitude can change the pharmacokinetics
of lithium (Arancibia et al., 2003). Volunteers were
administered 300 mg of lithium carbonate at 600 m
above the mean sea level (MSL) at acute exposure (15
hours) and after chronic exposure (10 months) at
4,360 m above MSL. Results showed a 64.1%
increase in elimination half-life for the acute exposure
group and 111.4% increase for the chronic exposure
group compared to the control group at MSL. This
may be clinically relevant for lithium treatment of
patients at higher altitudes. Increased elimination halflife of lithium with altitude would result in slower
excretion of lithium and would also be consistent with
a protective effect.
Lithium and altitude have been hypothesised to play
a role in the geographic variation in the rates of suicide. A recent Austrian study investigated the relationship between suicide, lithium in ground water and altitude (Helbich et al., 2013). A spatial analysis was conducted, in which these investigators reported a negative association between lithium levels and altitude.
Furthermore, they concluded that altitude moderates
the impact of lithium effects on suicide mortality.
Therefore the argument was put forth that altitude
effects on suicide mortality may be a function of lithium contents in the drinking water. However, lithium is
widely distributed in the Earth’s crust and Helbrich et
al. (2013) offer no discussion of a geologic process by
which lithium is generally concentrated by lower altitudes.
Lithium in groundwater
The average daily intake of lithium for an adult
ranges from 650 to 3,100 μg, while therapeutic
dosages of lithium range from 900 to 1,200 mg/day.
The main sources of dietary intake of lithium are variable amounts in grains, vegetables and drinking water.
The range of lithium in drinking water varies greatly
by region and within environments (Schrauzer, 2002).
In 2000, groundwater accounted for about 46% of
water used in USA, with about 31% used for public
supply and 15% derived from private wells (Ayotte et
al., 2011). The purpose of the present study was to
investigate the relationship between lithium in groundwater and altitude in the USA, a country with strongly
varied topography from the coastal plains to the
Appalachian Mountains and from the Great Plains of
the Midwest to the Intermountain West. The altitude

ranges from 282 to 14,505 ft (86-4,421 m). Previous
studies have examined the relationship between suicide and altitude due to geographic variation in suicide
rates (Haws et al., 2009; Brenner et al., 2011; Kim et
al., 2011). In contrast to previous findings in Austria
(Helbich et al., 2013), we hypothesised that the tendency for higher levels of lithium in groundwater to
occur at lower altitudes is not universal and would not
necessarily be true within USA.
Material and methods
Lithium in groundwater
The present study utilised data from the National
Water-Quality Assessment (NAWQA) Programme
implemented by the United States Geological Survey
(USGS). The USGS NAWQA Programme collected
water samples from major aquifer groups in USA from
1992-2003 to evaluate trace-element concentrations in
groundwater. Overall, the USGS study (USGS, 2001)
collected 5,183 samples from 48 NAWQA study areas
using the following approach: polyetrafluoroethylene
tubing was connected to a submersible pump or a
waterline. Wells were pumped until a stable water
temperature, pH and specific conductance were
reached. Groundwater samples were collected in a
portable sampling chamber at a flow rate of 0.5 l/min.
Samples were passed through a 0.45-μm disposable
polypropylene capsule filter and samples were acidified to a pH of less than 2 with ultra-pure nitric acid.
All samples were analysed using inductively-coupled
plasma atomic-emission spectrometry (ICP-AES),
inductively-coupled plasma mass spectrometry (ICP–
MS), graphite-furnace atomic-absorption spectrometry (AA) or hydride-generation atomic-absorption
spectrometry at the National Water Quality
Laboratory in Denver, CO, USA.
For the current study, lithium was the trace-element
of interest. Currently, lithium does not have drinkingwater standards issued by the United States
Environmental Protection Agency (EPA) (US EPA,
2009). Since climate and geology of aquifers have an
important influence on the occurrence and distribution of trace-elements in groundwater, lithium was
analysed in relation to these parameters as well as with
regard to types of wells and well depths. In dry
regions, samples from drinking water wells generally
have greater concentrations of lithium (Ayotte et al.,
2011). The majority of samples of lithium in the
groundwater were concentrated in 15 different regions
throughout the country. The level of lithium for each
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county was estimated by averaging all lithium samples
from 1992 to 2003 across all stations. The lithium levels for each county in the 15 regions with the highest
number of lithium samples were included in the present analysis. Fig. 1 displays these regions, which
included states with more than 20 counties with lithium groundwater samples.

lithology, water level and well depth. These variables
have been shown to affect the level of lithium concentrations in ground water (Ayotte et al., 2011). Only
variables, such as aquifer, water level and well depth,
that significantly correlated with levels of lithium in
groundwater were included in the model of lithium
and altitude.

Mean county altitude

Data analyses

Mean county altitudes in this study were calculated
using altitude data from the Shuttle Radar
Topography Mission (SRTM) (available at http://
www2.jpl.nasa.gov/srtm/). Created in 2000, the
SRTM is a digital topographical global scale of Earth
with 0.1 km spatial resolution. The mean altitude of
each county in the SRTM dataset was calculated using
zonal statistics within the ArcGIS/ArcInfo 9.3 environment (ESRI; Redlands, USA). Data from all 48 states
and the District of Columbia (D.C.) were used in the
analyses. Alaska and Hawaii were not included because
digital altitude information was not fully available in the
STRM dataset. State outlines from the National Atlas of
the United States (http://www.lib.vt.edu/find/databases/N/national-atlas-of-the-united-states.html) were used
to obtain mean county altitudes based on SRTM mean
elevation calculations for each km2.
Correlation analyses were conducted between levels
of lithium in groundwater and the following variables
to control for possible covariates: aquifer, aquifer type,

Multivariate linear regression analysis was used to
investigate the relationship between altitude and lithium in the ground water. All analyses were conducted
using Statistical Product and Service Solutions version
21 (SPSS) and statistical significance was defined at an
alpha level of 0.05.
Results
Results of the multivariate linear regression analysis
demonstrated a significant relationship between mean
county altitude and lithium in groundwater
(F = 23.31; P <0.001). In this model, the adjusted R2
value was 0.216, suggesting that altitude accounts for
a modest proportion of the variance in regional variation in the amount of lithium in ground water. Table 1
displays results from the regression analysis. Water
level was the only predictor variable significantly related to lithium (B = 0.157; P <0.001). Aquifer was significant at the trend level (B = -0.142; P = 0.054). Well

Fig. 1. The 15 states with the highest groundwater lithium concentrations in USA according to the USGS 1992-2003 study.
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Table 1. Multivariate linear regression analysis predicting levels of lithium in ground water in USA, 1992-2003.
Variables

B*

SE**

t

P

Intercept

10.914

4.233

2.58

0.010

Mean altitude

0.009

0.003

2.61

0.009

Aquifer

-0.142

0.073

-1.93

0.054

Water level

0.157

0.023

6.88

0.000

Well depth

0.004

0.003

1.46

0.146

R2 = 0.226

Adjusted R2 = 0.216

F = 23.31

P <0.001

Model summary

*regression coefficient; **standard error.

depth was not was not a significant predictor of lithium levels in groundwater. These results can be used to
define the following model:
Lithium in groundwateri =
10.914 + (0.009 altitudei) + (0.157 water leveli)
meaning that when altitude and water level of the
water source increase, so do lithium levels in the
groundwater.
Discussion
County-level data were used to investigate the
hypothesis that altitude of residence is related to levels
of lithium in groundwater in USA. Specifically, the current study aimed at replicating findings from a recent
study conducted in Austria demonstrating that as altitude increases, levels of lithium decrease (Helbich et
al., 2013). The present results do not support the generalisation of those findings. In fact, the opposite was
found as it demonstrates that, over the range of
aquifers considered here, lithium levels in groundwater increase with altitude and water level of the water
source.
This is the first study to investigate the effects of altitude on the levels of lithium in groundwater in USA.
The present results suggest that lithium and altitude
may have a different relationship in the North
American continent than has been reported in Austria.
However, these findings should be interpreted with
caution. The lithium samples used represent 518
American counties, while many counties were not
included. There is a large amount of lithium concentration in certain regions in USA due to local climate,
geology and lithology. Lithium concentrations often
depend on the geology of aquifers and the distribution
of groundwater. Higher lithium concentrations have
been found in drinking water samples in dry climates

(Ayotte et al., 2011). Therefore, the American lithium
concentrations may be more dependent on geology of
aquifers, topography and climate than altitude.
Additionally, there are a smaller number of lithium
samples collected at higher altitudes. Helbich and colleagues (2013) also noted this as a similar limitation of
their study results. Several of the covariates of lithium
levels in groundwater were tested, however, only the
water level was found to be a significant predictor of
lithium levels in the current model. The aquifer that
groundwater originated from had moderate significance in predicting the levels of lithium. The strengths
of the present study include the use of mean county
level estimates of altitude and lithium levels in ground
water. Furthermore, the study included large datasets
from the USGS with lithium samples from on long
period of time spanning 1992 to 2003.
Conclusion
Suicide is a worldwide health concern and identifying environmental risk factors such as altitude and
lithium in groundwater is critical to improved suicide
prevention efforts. Examination of USGS data
revealed that the levels of lithium in groundwater
increase with altitude in USA. These findings are dissimilar from recent research undertaken in Austria
(Helbich et al., 2013) and suggest that more research
is necessary to characterise the relationship between
altitude, lithium and suicide.
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