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Abstract—A set of 41 stream water samples of the Lo River catchment, Ha Giang province, collected in dry
season was analyzed for pH, major cation and anion, trace element concentrations. The stream waters exhib-
its a midly acidic to alkaline, meanwhile, the Total Dissolved Solids (TDS) values have a wide range of 17.4—

284.9 mg L~'. Among major cations and anions, the stream water within the Lo River catchment is charac-

terized by the predominant presence of Ca?* and HCO;. This compositional pattern gives rise to the emer-
gence of the Ca—Mg—HCO; water type as the most dominant species, followed by Na—Cl, Ca—Mg—CI-SO,
and Na—HCO;—Cl types. However, the distribution of these water types corresponds closely with the geo-
logical conditions, with Na—Cl type prevailing in the watershed of granite complex, while watersheds char-
acterized by lithologies such as Quaternary sediments, limestone, marble, shale, schist, and sandstone pri-
marily exhibit the Ca—Mg—HCO; water type. The dominant reaction in the water system is the dissolution
of carbonate minerals, like calcite and dolomite, followed by the contribution of modest rainfall during the
dry season, and small-scale processes of mixing and cation exchange. Comparison of major ions and trace
element with technical standard reveal the stream waters are generally deemed suitable for the routine activ-
ities of the local population in Ha Giang province. However, stream water of a few specific sites may require

treatment before these waters can be safely utilized.
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INTRODUCTION

Water stands as the most essential constituent of
our planet, playing a crucial role in potentially foster-
ing the presence of life on Earth. Water maintains a
close and intricate connection with human and social
activities across past, present, and future epochs.
However, the escalation of population growth and the
emergence of other activities, such as urbanization and
unchecked forest exploitation, have precipitated unfa-
vorable transformations. These include the depletion
and contamination of the aquatic environment, bring-
ing about detrimental changes to water resources. The
contamination of water results in the degradation of its
quality, posing a threat to the existence of life on Earth
and disrupting both economic progress and social
well-being. This necessitates comprehensive studies

focused on water resources, encompassing their cur-
rent availability and quality, while also anticipating
their responsiveness and viability in the future.

Recently, there has been a growing necessity to
establish baselines for evaluating the potential impacts
of forthcoming disruptions, whether arising from nat-
ural occurrences or human activities. This objective
could be achieved through the study of geochemistry
of water and its inherent natural progression and also
enables the formulation of effective public policies
governing the management water resources (Banks
et al., 2001; Sharma et al., 2012; Natali et al., 2016;
Gassama et al., 2021; Destéfanis et al., 2020).

Amongst the various sources of water, streams and
rivers hold a paramount position as the primary reser-
voirs of freshwater, catering to essential needs such as
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human consumption as well as agricultural and indus-
trial utilization. Over recent decades, the scientific
community has directed its focus towards the manage-
ment of extensive river basins, with a particular
emphasis on characterizing the principal geochemical
cycles of the predominant transported elements
(Gibbs, 1970; Meybeck, 2003; Berner and Berner,
1996; Gaillardet et al., 1999, 2014; Hartmann et al.
2014). Besides, the attention on mountainous river
catchments has been few to date worldwide (Desté-
fanis et al., 2020). In Vietnam, study on stream and
river in mountainous area is almost nonexistence,
with a few small-scale studies (e.g., Luyen et al., 2015).
Destéfanis et al. (2020) pointed out that headwater
catchment, e.g. stream water, have particular charac-
teristics compared to that of large rivers, with differ-
ences in scale, temperature, precipitation, reactive
capacity, etc...

Ha Giang, situated as the northernmost mountain-
ous border province of Vietnam, occupies a significant
strategic position, serving as a pivotal locale for foster-
ing socio-economic and cultural interactions between
Vietnam and China (Fig. 1). Beside, Ha Giang prov-
ince is home to the Dong Van Karst Plateau UNE-
SCO Global Geopark, an esteemed member of the
Global Geoparks Network (https://dongvan-
geopark.com; https://asiapacificgeoparks.org;
https://globalgeoparksnetwork.org). This geopark
spans across a significant portion of four districts
within the province, namely Meo Vac, Dong Van, Yen
Minh, and Quan Ba. It serves as a remarkable feature
of the region for its extensive limestone expanse,
breathtaking mountain vistas, and the cultural wealth
and distinctiveness of ethnic minority communities.
In Ha Giang province, a harmonious coexistence of
22 distinct ethnic groups prevails. While some com-
munities inhabit the valleys, leading to densely popu-
lated villages, others reside in more remote regions or
scatter across the slopes of steep mountains. The con-
nectivity between villages faces significant challenges
due to the rugged terrain characterized by high moun-
tains and pronounced dissected landscapes. Within
this context, the availability of water resources
assumes utmost significance. Rainwater and stream
water predominantly cater to the essential needs of
sustenance and livelihood. Consequently, the com-
prehensive study of water resources within river basins,
including the assessment of the quality of stream water
in the upstream areas, emerges as an exigent matter.
This matter holds crucial implications not only for
daily human activities but also for the formulation of
effective public policies governing the management of
water resources. This urgency is particularly pro-
nounced in a significant locale like the Dong Van
Karst Plateau UNESCO Global Geopark.

Within Ha Giang province, the Lo River catch-
ment assumes a significant role, standing as the largest
and stretching from the northern to the southern
extremities of the province (Fig. 1). Consequently, the
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principal aim of this study revolves around enhancing
comprehension regarding the geochemistry of stream
water within the Lo River catchment. In addition, the
study will establish the base level for the year of 2021 to
contribute a pivotal benchmark for future scenarios of
changes in regional land use and management policies
of water resources in Ha Giang province.

STUDY AREA

Ha Giang is the northernmost mountainous border
province of Vietnam, with an expansive area of 7.941
square kilometers. Ha Giang province exhibits a
diverse topographical landscape, encompassing valley
configurations, low mountainous regions, and high
mountainous landscapes, with the latter constituting
the predominant feature across the province. Ha
Giang province experiences a pronounced cycle of two
distinct seasons throughout the year. The rainy season
prevails from May to October, while the dry season,
known as winter, extends from November to the fol-
lowing April (NAWAPI, 2009).

Ha Giang province lies within four sheets of Geo-
logical and mineral resources map of Viet Nam on
1:200000 including Bac Kan, Bao Lac, Bac Quang
Ma Quan (Quoc et al., 2000; Tinh et al., 2000; Xuyen
et al., 2000a, 2000b) and thus, simplified geological
map of Ha Giang province was performed in Fig. 1.
Based on the compiled map, all sampling sites in this
study were recognized to distribute in five major lith-
ological units, including Quaternary sediment; Gran-
ite of Song Chay complex; Shale, sandstone, siltstone
of Lan Pang, Song Hien, Pia Phuong formations;
Limestone of Mia Le formation; Marble, limestone,
and schist of Ha Giang formation.

Ha Giang province is home to several river systems,
including the Lo River, Mien River, Gam River, Nho
Que River and Chay River (Fig. 1). All rivers in the
region share the characteristic of winding and twisting
flows, influenced by topography, width, and slope.
The flow rate varies with topography and depends
mainly on hydro meteorological factors (NAWAPI,
2009). The Lo River, originating from Yunnan China,
flows northwest to southeast, passing through Ha
Giang town and Dao Duc commune. At the section
where it joins the Mien River, the river is 60—100 m
wide, with a U-shaped cross-section. Bedrock is con-
tinuously exposed along both banks of the river, while
small and narrow alluvial grounds can be found along
the riverbed. The Mien River originates from the high
mountains in the north of the province, flows to Ha
Giang town, and joins the Lo River at km 1 of the road
from Ha Giang town to Dong Van. The river is 40—70 m
wide with a U-shaped cross-section (NAWAPI, 2009).

The Lo River basin has numerous streams of vary-
ing sizes, forming a fishbone shape (Fig. 1). Water
flow rates are substantial and vary seasonally, with the
average water flow is 144 m3/s (NAWAPI, 2009).
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Fig. 1. Distribution map of lithological units, water sampling sites and different stream draining of the Lo River catchment. (1)
Quaternary sediment; (2) Cretaceous conglomerate, sandstone and siltstone of Ban Hang Formation; (3) Triassic shale and sand-
stone of Lan Pang formation; (4) Triassic sandstone and shale of Song Hien formation; (5) Triassic shale, siltstone, sandstone of
Song Hien formation; (6) Devonian limestone and schist of Mia Le Formation; (7) Devonian Clay shale of Pia Phuong Forma-
tion; (8) Devonian biotite granite of Song Chay Complex; (9) Proterozoic dunit and harzburgite of Nam But complex; (10) Cam-
brian marble, limestone and schist of Ha Giang Formation; (11) Sampling site; (12) Stream and river.

These streams share the characteristic of winding
flow, tortuous terrain, large bed slope, topographically
variable flow rate, and seasonally variable water
dynamics and flow into the Lo River, Mien River and
Con River of Lo River catchment (Fig. 1). Streams
flowing northwest to southeast, including those in the
west-northwest of Ha Giang province, originate from
high mountains and flow into the Lo River. In con-
trast, streams flowing northeast, such as those in Kim
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Linh and Trung Thanh communes in Vi Xuyen dis-
trict, Quan Ba district, and Bac Quang district, all
flow into the Mien River (NAWAPI, 2009).

MATERIAL AND METHOD

In this study, stream water samples of the Lo River
catchment were collected from the uppermost
reaches, deliberately distancing them from anthropo-
No. 3
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genic influences. The process of collecting stream
water samples adhered to the guidelines specified in
both national and international standard methods,
including TCVN 6663-6:2018 (2018) (ISO 5667-
6:2014) and the protocol outlined by R.B. Baird et al.
(2017).

The pH value was measured in-situ using HANA
HI19829-01042. Water samples were filtered through
Millipore 0.45 um membrane filter. Each sample was
then acidified to pH < 2 by adding one drop of 16 M
HNO; and preserved in a refrigerator until elemental
analysis. After pre-treatment procedure, the major
cation (Ca*", Mg?*, Na*, K*) and group of heavy met-
als concentrations were determined by using ICP-MS
(Model 7900 Agilent, USA) (e.g., Lim et al., 2021,

2022). Determination of NO; content was performed
utilizing a spectrophotometric method in conjunction

with sulfosalicylic acid. Meanwhile, HCO; content
was assessed through titration of the water sample
using 0.1 N HCI acid, employing a 0.1% methyl
orange indicator. To determine Cl~ content, a titration
was conducted on Cl-ions utilizing a standard solution
of AgNO; under either neutral or weakly alkaline con-
ditions, with K,CrO, acting as the indicator. In addi-

tion, SOi_ content was determined by complete pre-

cipitation of SOﬁ_ ions as BaSO, within a hydrochloric
acid medium, facilitated by the addition of BaCl,
reagent. The total dissolved solid (TDS) content was
determined as sum of major anion and cation, includ-
ing Fe total in the water samples (Table 1).

The distribution maps for pH, TDS, and the con-
centration of major cations and anions was con-
structed through the utilization of the boxplot method
(Banksetal., 2001; Reimann et al., 2005). These maps
feature values comprising the maximum, minimum,
median, first quartile (Q1), third quartile (Q3), and
outliers. The symbols depicted on the distribution dia-
gram correspond to or oscillate within the spectrum
defined by these values, and illustrated on the geolog-
ical map showcased in Fig. 1.

RESULTS AND DISCUSSION

Hydrochemical Characteristics of Stream Water
of the Lo River Catchment

Table 1 presents the pH, TDS, and concentrations
of the major cations and anions in stream water sam-
ples of the Lo River catchment in Ha Giang province.
The corresponding statistical values, including the
minimum, maximum, arithmetic mean, median, and
standard deviation parameters, are listed in Table 2.

In accordance with the data presented in Tables 1
and 2, the pH of stream water within the study area
displays relatively limited variability, ranging from 6.5
to 8.5, with a mean value of 7.4. Consequently, the
stream water exhibits a midly acidic to alkaline, with
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the majority falling under the classification of alka-
line. A comparable investigation conducted in the
Ctalamochita river basin, Argentina, reports a pH
value of 7.6 £ 0.68, with the prevailing belief that the
primary contributing factor is the hydrolysis of silicate
rocks (Destéfanis et al., 2020).

Meanwhile, Total Dissolved Solids (TDS) values
exhibit considerable fluctuations over a wide range,
spanning from 17.4 to 284.9 mg L~'. The statistics in
Table 2 indicate that the mean TDS value is 132.4 =
94.2 mg L~!. This value is relatively similar to the aver-
age TDS content found in the waters of the world’s
rivers, which is approximately 100 mg L~! (Berner and
Berner, 1996).

On average, the major cations and anions consti-
tute 25.2% and 74.6% of the total dissolved solids
(TDS), respectively (Fig. 2). Notably, the concentra-
tion of anions is nearly three times higher than that of
cations. Among the major cations, Ca2* emerges as the
most dominant ion in the stream water of the Lo River
catchment, accounting for 70.3% of the total cations.
Following Ca?", the order of abundance is as follows:
Mg?* (12.9%), Na* (8.4%), and K* (8.4%) (Fig. 2).
The reported concentrations of Ca** span from 1.2 mg L™!
to 60.9 mg L~!, with an average value of 23.4 mg L.
Subsequently, the average concentrations for Mg?*,
Na*,and K*are4.3mgL~"',2.8mgL"!,and2.8 mgL~',
respectively (Table 2).

According to Fig. 2, HCOj is the most dominant
anion in the stream water of the Lo River catchment,

followed by SOff, Cl~ and NOs;. Specifically, on aver-
age, the stream waters comprise 89.6% HCO;, 4%

SO; ", 3.7% Cl~ and 2.6% NOj. Concentration ranges
of bicarbonate ions vary widely, spanning from 6.1 mg
L~'t0207.4mg L, with average value of 88.5mg L. In

addition, the average concentrations of SOi_, CI™ and

NO; are 4.0 mg L', 3.7 mg L~! and 2.6 mg L},
respectively (Table 2).

The analysis of major ions in the world’s largest riv-
ers reveals a prevalent occurrence of elevated concen-

trations of Ca?* and HCOj (Berner and Berner, 1996).
In addition, J.D. Hem et al. (1989) pointed out that
while Na' and Cl- dominate in seawater, Ca*" and

HCO; typically represent the major ions in freshwater
environments. Additionally, it is observed that the
concentrations of major cations and anions in most
river waters fall within the range of Na* > K*, Ca?* >

Mg?*, and SO?[ > CI~. These ions are predominantly
sourced from the weathering of exposed bedrock on
the continental surface. This observation aligns closely
with the mean values of major cations and anions of
stream waters of the Lo River catchment mentioned
earlier.
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Table 1. Concentration of major cation and anion in stream water of the Lo River catchment (mg L")

No Sample pH Nat K" | ca?t | Mg?t (t(Ij[ZI) HCO;| CI” Soi* NoO; | TDS
1 HGO1 6.7 56 | 26 2.5 1.2 0.2 14.0 | 43 3.0 2.3 35.7
2 HGO02 6.9 40 | 3.1 2.5 1.2 0.1 96 | 6.4 2.7 3.0 32.6
3 HGO03 7.2 3.8 | 21 20 [ 09 [ 03 92 | 5.0 2.5 0.6 26.4
4 HGO04 7.1 38 | 34 12 [ 08 0.2 79 | 6.4 2.4 1.3 27.4
5 HGO05 6.7 37 | 44 12 [ 09 | 04 6.7 | 5.7 3.0 1.9 27.9
6 HGO06 7.6 2.2 1.5 20 | 07 0.2 79 | 08 4.1 2.4 21.8
7 HGO07 7.0 1.6 | 08 2.0 1.2 0.2 7.7 | 04 5.4 0.8 20.1
8 HGO08 6.7 19 | 0.8 24 | 07 0.2 95| 05 4.9 2.1 23
9 HGO09 7.1 56 | 74 | 413 7.5 0.1 |[160.4 | 14.2 3.2 L0 | 2407
10 HG10 7.1 45 | 49 | 471 7.9 02 | 1781 | 5.0 4.0 27 | 2544
1 HG11 6.5 1.3 | 4.0 4.0 1.5 0.9 98 | 5.0 4.4 2.9 33.8
12 HG12 7.1 39 | 38 [ 134 | 46 1.2 61.0 | 5.0 2.9 1.6 97.4
13 HG13 7.4 43 | 44 371 [100 | 01 [1525 ] 4.3 3.8 51 | 221.6
14 HG14 7.9 25 1 03 |12 | 24 |03 519 | 0.7 3.3 0.6 73.2
15 HG15 8.5 25 1 09 [501 | 46 | 01 [1708 | L6 4.2 3.2 238
16 HG16 7.9 24 | 03 56 | 2.7 0.1 30.5 | 0.7 3.5 1.3 47.1
17 HG17 7.3 20 | 25 [ 130 | 24 | o1 439 | 85 3.7 2.2 78.3
18 HG18 7.7 02 | 03 [49.7 | 46 0.1 [170.8 | 0.8 5.8 3.4 [2357
19 HG19 8.2 08 | 0.8 [43.7 |12.9 04 |[186.1 | 1.4 5.7 6.2 258
20 HG20 8.3 1.6 | 0.7 |461 |13.9 02 |[2074 | 038 4.1 1.7 |276.5
21 HG21 7.8 04 | 26 [505 |39 |01 [1739 | 05 4.0 2.4 |2383
22 HG22 7.2 74 | 84 |165 | 43 0.4 64.1 | 14.2 3.2 4.5 123
23 HG23 74 23 | 144 |30.1 52 | 07 [1074 | 5.7 4.8 29 [ 1735
24 HG24 7.0 21 | 23 [ 150 | 3.0 0.2 58.0 | 5.7 3.7 1.8 91.8
25 HG25 7.2 68 | 31 |[279 | 47 02 |101.3 | 6.4 3.8 2.3 | 156.5
26 HG26 8.3 0.4 14 | 301 8.3 01 | 1281 ] 06 4.0 45 | 1775
27 HG27 8.4 2.2 L1 [521 [124 |0 205.0 | 4.0 4.7 3.4 |284.9
28 HG28 7.6 1.5 1.1 | 14.0 L5 0.9 458 | 0.6 4.9 2.2 72.5
29 HG29 7.5 6.2 | 89 | 511 55 0.1 181.8 | 5.0 4.8 1.0 | 264.4
30 HG30 7.3 25 | 46 [36.6 | 9.7 01 [1525 | 71 3.7 3.4 |220.2
31 HG31 7.3 56 | 3.2 35 | 27 0.4 183 | 5.0 2.6 32 | 445
32 HG32 6.9 36 | 35 [23.0 | 4.6 0.4 854 | 3.5 3.3 3.1 | 130.4
33 HG33 7.2 29 | 46 281 3.6 0.2 97.6 | 8.5 2.7 33 | 151.5
34 HG34 7.1 1.9 14 [29.1 | 4.0 02 [103.7 | 43 2.9 2.6 | 150.1
35 HG35 7.5 08 | 04 [120 | 34 | 05 458 | 04 5.1 1.7 70.1
36 HG36 7.5 01 | 04 |609 | 0.7 0.1 |183.0 | 038 4.9 5.9 |256.8
37 HG37 7.9 1.1 0.5 6.4 19 | 03 244 | 04 5.1 2.3 42.4
38 HG38 7.2 3.1 1.4 24 | 07 0.2 153 ] 0.5 5.1 0.8 29.5
39 HG39 72 1.6 | 05 1.6 L0 | 0.1 6.1 | 04 4.1 2.0 17.4
40 HG40 7.7 1.7 | 09 [465 | 5.8 02 [1647 | 05 4.7 43 [229.3
41 HG41 7.5 1.1 1.1 [429 | 83 0.6 [170.8 | 1.0 4.1 2.9 |2328
QCVN 08-
42 MT:2015/BTNMT 6851 - N B B ! - P B > B
43 WHO (2022) — — — — — — — — — ]50 —

Group of sample HGO1 to sample HGO08: watershed of granite complex; Samples HG09 and HG10: watershed of Quaternary sedi-
ments; Group of sample HG11 to sample HG21: watershed of Shale, sandstone, siltstone; Samples HG22 and HG23: watershed
of limestone; Group of sample HG24 to HG41: watershed of Marble, limestone and schist.
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Table 2. Statistical parameters of pH, TDS and major
cation and anion concentrations in stream waters of the Lo
River catchment (mg L)

Parameter | Min Max | Mean | Median | Std. Dev
pH 6.5 8.5 7.4 7.3 0.5
TDS 17.4 |284.9 | 132.4 123.0 94.2
Ca?t 1.2 60.9 23.4 16.5 19.4
Mgt 0.7 13.9 4.3 3.6 3.6
Na* 0.1 7.4 2.8 2.3 1.8
Kt 0.3 14.4 2.8 2.1 2.8

HCO; 6.1 |207.4 | 88.5 64.1 71.2
CI- 0.4 14.2 3.7 4.0 3.5
503‘— 2.4 5.8 4.0 4.0 0.9
NO; 0.6 6.2 2.6 2.4 1.3

The analytical results for pH, major anions, and
cations are also subjected to a comparison against the
National technical regulation on surface water quality
QCVN 08-MT:2015/BTNMT (2015) and the Guide-
lines for drinking-water quality by WHO (2022), as
summarized in Table 1. In general, all parameters of
the stream waters meet the stipulated criteria set by
WHO (2022) and QCVN 08-MT:2015/BTNMT
(2015), with the exception of the value for HNOj; at the
sample site HG19. The observed value for HNO;
slightly surpasses the QCVN 08-MT:2015/BTNMT
(2015) limit (6.2 mg L~" versus 5 mg L~'). This specific
sample is derived from a watershed characterized by
shale, siltstone, and sandstone lithology.

Hydrogeochemical Distribution and Facies of Stream
Waters of the Lo River Catchment

The pH map of surface water (Fig. 3a) demon-
strates a relatively narrow variation within the Lo River
catchment, ranging from 6.5 to 8.5. Conversely, the
TDS values display a wide range of variation, ranging
from 17.7 to 284.9 mg L' (Fig. 3b). Generally, both
the pH and TDS values exhibit a relatively similar dis-
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tribution pattern, with lower values predominantly
observed in the western part, while higher values are
more prevalent in the northern and eastern parts of the
study area.

The pH values reveal that the stream water in the
Lo River basin has a mildly acidic to alkaline compo-
sition, and this characteristic strongly depends on the
underlying geological formations. Water with a mildly
acidic to neutral composition is primarily distributed
in the granite sector of the Song Chay Complex (Fig. 3a).
In contrast, the region with high pH values is concen-
trated in the northern part, where shale, sandstone,
siltstone, schist, and limestone of formations Song
Hien, Mia Le, and Pia Phuong predominate.

Figure 3b illustrates the distribution of Total Dis-
solved Solids (TDS) in spring water within the Lo
River basin. The data reveals that a considerable por-
tion of the spring water originating from the granite
formations of the Song Chay Complex exhibits signifi-
cantly lower TDS values compared to other areas, with
most values below 34.8 mg L~!. Conversely, in the
northern part of the study area, spring water exhibits
higher TDS values than other regions, with the maxi-
mum value reaching 284.9 mg L~!. This spatial varia-
tion in TDS content strengthens the influence of geo-
logical formations on the chemical composition of
stream water within the Lo River catchment.

The spatial distribution of major cations Ca?*,
Mg?*, Na*, and K* in stream water within the Lo
River catchment is presented in Fig. 4. It is observed
that the concentrations of Ca>" and Mg?* follow a
similar pattern as that of TDS, with lower levels pre-
dominantly found in the granite complex area, and
notably higher concentrations in regions characterized
by shale, schist, and limestone of the Ha Giang, Pia
Phuong, and Mia Le formations.

Contrary to the distribution pattern of Ca>" and
Mg?*, the spatial distribution of Na* and K* exhibits a
different trend. Stream water with higher concentra-
tions of Na* and K" is primarily found in the south
and southwest regions, characterized by the presence
of granite from the Song Chay complex, and schist,

Anions
4.0% 2.6%

3.7%\\/

Na® iK'

B HCO; mCI

SO~ 1'NOj3

Fig. 2. Average contribution of major cations and anions in stream waters of the Lo River catchment (mg L’l).
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Fig. 3. Distribution map of pH (a) and TDS (b) in stream water of the Lo River catchment.

shale and limestone of the Pia Phuong and Mia Le
formations. Meanwhile, lower Na* and K* concentra-
tions are scatteredly distributed in the western and
northern parts of the study area, particularly in areas
dominated by the Ha Giang and Song Hien forma-
tions.

As mentioned earlier, the HCOj ion in the stream
water of the Lo River basin exhibits a notably high
content, surpassing that of the other major anions.

The distribution of HCO; ion is illustrated in Fig. 5,
displaying a clear resemblance to the TDS values and
demonstrating a significant influence of geological
conditions. In the northern area, where the main for-
mations consist of shale, sandstone, and limestone,
specifically the Pia Phuong, Mia Le, and Song Hien
formations, spring water samples present eclevated

HCO; content, with the highest concentration reach-
ing 207.4 mg L~". In contrast, samples collected from
the granite formations of the Song Chay Complex pre-
dominantly exhibit considerably lower values, with
most concentrations falling below 14.6 mg L.

However, the distribution of the CI~ ion in stream
water within the Lo River catchment differs from that

of the HCOj; ion and bears resemblance to the distri-
bution patterns of Na* and K*. Specifically, the con-
centration of CI~ ions in stream water is higher in the
southern part, near the confluence of the Mien River
with the Lo River, where shale and limestone forma-
tions are prevalent. The highest observed values of Cl~
concentration reached 14.2 mg L' (Fig. 5). In con-

LITHOLOGY AND MINERAL RESOURCES

trast, lower values are scatteredly distributed as one
moves towards the northern regions, primarily con-
centrated in the granitic rocks of the Song Chay Com-
plex and the Mia Le Formation.

Meanwhile, the NO; and SOi_ ions, characterized
by considerably lower concentrations in stream water

compared to HCO; and CI~ ions, did not exhibit a
clear influence of geological formations. Instead, their
concentrations were observed to be mixed from south
to north, with both high and low values scattered
throughout the study area. The ranges of concentra-

tion for NO; and SO, are 0.6 to 6.2 mg L' and 2.4 to
5.8 mg L1, respectively.

To investigate the influence of geological condi-
tions on stream water in the Lo River catchment, water
samples were categorized into five groups including
Granite; Quaternary sediment; Shale, siltstone, sand-
stone; Limestone; and Marble, limestone, schist (Fig. 6).

The Piper diagram (Piper, 1944) has proven to be a
valuable tool for classifying various types of water,
including geothermal water, surface water, and
groundwater, as demonstrated in previous studies
(e.g., Sharma et al., 2012; Alfarrah et al., 2016; Xu et al.,
2019; Sarker et al., 2022). In this study, we applied the
Piper diagram to identify the hydrochemical charac-
teristics of stream water in the Lo River catchment.
Figure 6 displays the results, revealing the presence of
two main types of stream water including Ca—Mg—
HCO; and Na—Cl. Additionally, two other samples
exhibited mixed types, characterized as Ca—Mg—CIl—
SO, and Na—HCO;—Cl. The Ca—Mg—HCO; type

Vol. 59 No.3 2024
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Fig. 4. Distribution of major cations of Ca’t, Mg2+, Na* and K* in stream water of the Lo River catchment.

emerged as the most dominant species in the stream
water, whereas the NaCl type was observed in only a
few samples (Fig. 6). This distinction is also evident in
the Durov diagram, where the Ca—Mg—HCO; type
exhibits dominance (Fig. 7).

The above-mentioned water types distinctly
demonstrate the impact of geological conditions on
the chemical composition of stream water within the
study area. In regions characterized by the distribution
of granite in the Song Chay Complex, stream water
primarily exhibits high concentrations of Na*, K%,

LITHOLOGY AND MINERAL RESOURCES  Vol. 59
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and CI~ ions. In contrast, in areas with Quaternary
sediments, limestone, marble, shale, schist, and sand-
stone distributions, stream water predominantly falls
into the Ca—Mg—HCO; type (Figs. 6, 7). The high

concentration of Ca**, Mg?*, and HCOj in the stream
water of the Lo River catchment indicates the occur-
rence of chemical weathering and mixing processes.
These processes likely contribute to the observed
abundance of these ions, reflecting the interactions
between geological formations and the water bodies
within the catchment area.
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Hydrogeochemical Processes in Stream Water
of the Lo River Catchment

The hydrogeochemistry of stream water within a
river catchment is influenced by a multitude of factors,
encompassing the chemical composition of rainwater,
geological structures, hydrological conditions, miner-
alogical composition of the watershed, and anthropo-
genic activities (Berner and Berner, 1996; Sharma et al.,
2012; Destéfanis et al., 2020). In the context of the Lo
River catchment, stream water samples were collected
from the uppermost reaches, deliberately distancing
them from anthropogenic influences. This approach

LITHOLOGY AND MINERAL RESOURCES

was employed to minimize the impact of human activ-
ities. Consequently, the hydrogeochemistry of the
water samples is primarily governed by natural pro-
cesses such as evaporation, precipitation and rock
weathering.

As previously discussed, the stream waters in the
investigated area exhibit four primary types: Ca—Mg—
HCO,, Na—Cl, Ca—Mg—Cl-SO,, and Na—HCO;—
Cl. Among these, the Ca—Mg—HCO; type emerges as
the dominant classification, with the other types being
relatively scarce. Interestingly, the Na—Cl type, for
instance, is exclusively associated with the granite
Vol. 59
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Fig. 6. Piper diagram of stream water samples of the Lo River catchment.

complex watershed (Figs. 6, 7). According to
NAWAPI (2009), the Song Chay complex encom-
passes granite formations characterized by minimal
weathering and fissuring. This results in a limited
capacity to store and transmit groundwater, leading to
near depletion of exposed water sources during the dry
season. This complex is classified as having a very poor
water quality level, with a Ca—HCO; water type. The
Durov diagram (Fig. 7) portrays stream water within
this watershed undergoing processes of mixing and
cation exchange. These phenomena likely occur in
conjunction with sporadic rainfall during the dry sea-
son of the study area, giving rise to the Na—CI water
type and a mixed Na—HCO;—Cl water type. Mean-
while, watersheds characterized by lithologies such as
Quaternary sediments, limestone, marble, shale,
schist, and sandstone primarily exhibit the Ca—Mg—
HCO; water type.

R.J. Gibbs (1970) introduced diagrams designed to
ascertain the chemical nature of water by delineating
three principal zones: rock weathering, precipitation,
and evaporation. These diagrams involve plotting the

ratios of TDS vs. CI7/(CI- + HCO;) for anions and
TDS vs. Na*/(Na* + Ca?") for cations, with all ion

LITHOLOGY AND MINERAL RESOURCES  Vol. 59
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values expressed in meq/l1. Using this approach, Gibbs
diagrams were constructed for stream water samples
collected from the Lo River catchment during the dry
season, as presented in Fig. 8. Evidently, all the ana-
lyzed stream water samples primarily exhibit charac-
teristics indicative of interactions between rocks and
water, as well as precipitation. These findings suggest
that the chemical composition of stream water in the
study area is predominantly influenced by processes
involving the chemical weathering of rock-forming
minerals and the occurrence of modest rainfall during
the dry season. Notably, while precipitation appears to
exert its influence on the catchment area associated
with the granite complex, the process of rock weather-
ing is more dominant in regions characterized by other
lithological units, where carbonate minerals are abun-
dant.

F. Albarede (2009) elucidates that chemical weath-
ering can be understood as a series of dissolution reac-
tions. Among the ions with higher solubility, such as
Na*, K*, Ca?", and Mg?*, are liberated into runoff
and river water following the interaction of silicate
minerals with precipitation. According to T. Xuyen et al.
(2000a), the Song Chay complex is comprised of gran-
ite biotite, primarily consisting of potassium feldspar,
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Fig. 7. Durov diagram of stream water of the Lo River catchment.

quartz, plagioclase, and biotite minerals. The weath-
ering of these silicate minerals, particularly through
processes like dissolution and hydrolysis, occurs at a
relatively slow rate. As a result, its immediate impact
on water quality is not as pronounced as carbonate dis-
solution (Gaillardet et al., 1999; Appelo and Postma,
2005; Sharma et al., 2012). Consequently, the TDS
values observed in the area of granite complex are
much lower than those of other lithological units (Fig. 3).
In addition, the temperature-dependent nature of dis-
solution rates holds significant importance, with warm
climates encouraging chemical erosion (Albarede,
2009). However, as a mountainous region in northern
Vietnam, the Lo River catchment experiences rela-
tively cold weather during the dry season, with mini-
mum temperatures reaching as low as 0.9°C. This pre-
vailing cold climate has the potential to diminish the
rate of rock weathering within the study area.

Figure 9 exhibits scatter plots depicting the con-
centrations of major ions in the stream waters of the

LITHOLOGY AND MINERAL RESOURCES

Lo River catchment. A noteworthy observation is the
alignment of the plots for (Ca?* + Mg>")/HCO;,

(Ca** + Mg?*)/(HCO; + SO;) along the 1 : I line.
The similarity between these two plots arises from the

substantially higher concentrations of HCO; com-

pared to SOi_. As pointed out by A. Sharma et al.
(2012), when the dominant reaction in a system is the
dissolution of calcite and dolomite, the (Ca®*' +

Mg*")/(HCO; + SOi_) plot closely resembles a 1 : 1
line. This phenomenon appears to apply to the stream
water of the Lo River catchment, where silicate weath-
ering rates are notably low, and the dissolution of car-
bonates such as calcite and dolomite holds a signifi-
cant role.

The (Ca?" + Mg?")/total cation plot aligns closely
with a 1 : 1 line, indicating the predominant influence
of Ca?* and Mg?" over Na* and K™ cations. This
Vol. 59

No.3 2024
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Fig. 8. The Gibbs plots of stream water collected of the Lo River catchment.

observation is reinforced by the (Ca** + Mg?")/(Na* +
K*) plot. With the exception of certain water samples
originating from the granite complex catchment, the
majority of samples exhibit high (Ca?* + Mg?*)/(Na™ +
K™) ratios, reaching a maximum value of 56.5. A sim-
ilar trend is evident in the (Na™ + K%)/total cation
plot, with a remarkably high (TZ+)/(Na* + K*) ratio.
Conversely, the (Na* + K*)/CI~ plot maintains a close
proximity to the 1 : 1 line, indicative of limited silicate
weathering contributing Na* and K* to the stream
water. These findings affirm the dominance of car-
bonate dissolution as the principal reaction in the
stream waters of the Lo River watershed, constituting

LITHOLOGY AND MINERAL RESOURCES  Vol. 59
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the primary source of major anions and cations within
the system.

Trace Elements of Stream Waters
of the Lo River Catchment

The concentrations of fourteen trace elements in
the stream waters of the Lo River catchment are pre-
sented in Table 3 and categorized based on the primary
lithology of their respective watersheds (Fig. 10).
These analytical results are compared against the
National technical regulation on surface water quality
QCVN 08-MT:2015/BTNMT (2015) and the Guide-
lines for drinking-water quality by WHO (2022). The
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Cu, Ni, Pb, Sb, U, and Zn.

Table 3 reveals that the elements Ba, Cd, Cu, Ni,
Sb, U, and Zn exhibit concentrations significantly
lower than the allowable limits of both WHO (2022)

and QCVN 08-MT:2015/BTNMT (2015). Mean-
while, for As, all water samples adhere to the require-
ments of QCVN 08-MT:2015/BTNMT (2015), but
two samples, HG12 and HG41, surpass the allowable
limit specified by WHO (2022). These two samples

LITHOLOGY AND MINERAL RESOURCES  Vol. 59 No.3 2024
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Table 3. Trace element concentrations in stream water of the Lo River catchment and the upper limits of National technical
regulation on surface water quality QCVN 08-MT:2015/BTNMT (2015) and Guidelines for drinking-water quality (WHO,
2022) for each element (ug L")

No Sample Al | As Ba Cd | Co Cu | Ni Pb Rb | Sb Sr U \" Zn

1 HGO1 163 [ 0.61 | 28.6 | 0.02| 0.14| 4.4 |0.19| 0.85 [12.91 | 1.52| 34.71 | 0.08 | 1.31 | 19.42
2 HGO02 64 [0.51 | 61.92| 0.03| 0.1510.06|0.77| 1.23 |14.18 | 1.16 | 45.94|0.05 | 0.91 | 30.33
3 HGO03 138 | 0.47 | 45.58 | 0.02| 0.18 | 8.48 | 1.22| 1.23 [10.2 | 1.16 | 41.24 | 0.08 | 0.48 | 29.54
4 HG04 8510.64| 30.78 | 0.01 | 0.23| 5.36|2.17| 091 [19.1 | L.11| 28.9 |0.20|0.27 | 20.61
5 HGO05 218 [ 0.9 | 30.68| 0.02| 0.22 (12.61 | 0.74| 1.29 [26.28 | 1.71| 27.1 | 0.14 | 0.51 | 25.81
6 HGO06 356 | 2.78 | 14.02| 0.04| 0.51 | 4.32| 1.02| 3.65 [38.22| 1.76| 25.25|0.31 | 1.78 | 54.94
7 HGO07 399 (224 | 11.2 | 0.07| 0.62| 2.76 | 0.88| 4.1 [22.6 |2.29| 26.27 | 0.61 | 0.83 | 74.7
8 HGO08 230 | 1.69 | 8.41| 0.03| 0.58| 3.09| 1.05| 6.31 |[23.75|2.59| 27.57 [ 0.30 | 1.31 | 55.38
9 HGO09 59 | 1.68 | 88.95| 0.04| 0.27 | 6.56|0.82| 1.01 |21.2 | 1.62|442.59 | 0.56 | 1.97 | 23.57
10 HGI10 81 | 2.67 |101.91 | 0.08 | 0.51 | 9.77 | 1.76| 1.12 |14.35| 1.32|467.99 | 0.55 | 1.98 | 33.28
11 HGI11 271 | 2.54 | 47.96 | 0.09| 2.07 | 9.68 | 1.52| 3.13 |15.32 | 1.23| 40.78 | 0.08 | 0.32 | 32.8
12 HGI12 83 [17.16 | 63.76 | 0.05| 0.49 |13.68 | 1.22| 1.38 | 8.75| 1.07| 86.81 | 0.18 | 0.98 | 26.33
13 HGI13 63 | 1.85(110.65| 0.01 | 0.2 | 6.65|0.33| 1.15 | 6.92]2.09|165.67 | 1.01 | 1.86 | 27.35
14 HG14 51018 | 4.04( 0.00| 0.07 | 0.13]0.33| 0.03 | 0.54|0.81| 25.2310.00|0.03 | 0.49
15 HGI15 0]0.09( 7.85| 0.00| 0.04| 0.14]0.3 | 0.7 0.7 [0.7 | 39.03|0.10|0.09 | 0.64
16 HG16 710.08| 3.04| 0.00| 0.02 0.1 [0.3 | 0.05 | 0.5 [0.53] 2241 | O |0.04| 0.55
17 HG17 6210.8 |49.35]| 0.04| 0.22| 7.7 [0.68| 0.98 | 547 | 1.85|138.77 | 0.06 | 0.92 | 24.22
18 HGI8 841229 67.53| 0.04| 1.01| 1.38| 1.14|27.0 1.53 | 4.82(553.94 | 1.62 | 1.2 | 32.87
19 HGI19 734 | 3.22| 12.89| 0.07| 0.89| 1.9 |0.66| 5.57 |30.62| 1.42| 31.74 | 0.95 | 1.57 | 19.18
20 HG20 137 | 0.82 | 80.45| 0.17 | 0.97 |60.48 | 6.05|39.1 3.39|2.03(246.44 | 2.55 | 0.95 |406.9
21 HG21 122 | 2.47 (334.45| 0.12 | 0.94| 2.11 | 1.35] 3 30.37 | 2.8 |243.39 [ 2.79 | 0.59 | 26.01
22 HG22 139 | 0.82 | 85.93| 0.02| 0.34| 9.12 | 0.84| 1.38 | 17.58 | 1.15|190.21 | 0.17 | 1.57 | 27.28
23 HG?23 806 | 1.55 |101.61 | 0.08 | 0.63 | 8.73 | 1.28 | 6.29 |45.31 | 1.07|229.77 | 0.44 | 1.46 | 31.87
24 HG24 102 | 0.86 | 87.31 | 0.02| 0.58| 8.66 | 3.57| 2.01 | 5.64| 1.08|135.24 | 0.12 | 0.27 | 43.38
25 HG25 70 | 1.27 {331.96 | 0.05| 0.9 | 6.19]|0.73| 8 8.06 | 2.47 1270.86 | 0.23 | 0.24 (180.44
26 HG26 157 | 0.48 |126.74 | 0.04| 0.62 | 1.77 | 1.21 | 4.57 |13.58 | 2.6 |218.67 | 1.26 | 0.78 | 36.78
27 HG27 01]0.08| 2519 0.00| 0.03] 0.00]0.29| O 0.96 | 0.36| 117.61 | 0.24 | 0.08 | 0.29
28 HG28 99 1 0.56 | 11.89| 0.06| 2.47 | 1.93|0.85| 5.66 | 9.17 | 1.64|109.32 | 0.42 | 0.33 | 33.64
29 HG29 6310.63| 72 0.05] 0.26| 6.48|0.55| 0.9 |12.4 |2.54|454.58 | 0.80 | 2.11 | 22.64
30 HG30 56 | 1.41 | 47.18 | 0.09| 0.26| 5.5710.71| 0.76 | 8.1 | 1.26|179.44|0.28 | 0.31 | 27.19
31 HG31 7510.62 | 41.26| 0.00 | 0.28 | 5.89|0.67| 0.97 |13.03 | 1.52| 83.01 | 0.07 | 0.39 | 25.76
32 HG32 80 | 3.18 [ 117.77 | 0.03| 0.27 | 6.58|0.79| 1.18 | 8.33 0.8 | 95.77 | 0.26 | 0.84 | 19.19
33 HG33 67 | 1.94 | 68.07 | 0.06| 0.18 | 8.79]0.67| 0.8 |10.06|0.8 | 118.04 | 0.25|0.49 | 24.25
34 HG34 62 |0.57|4578| 0.00| 0.43| 59 | .11 | 1.24 | 5.79| 1.31 |202.64 | 0.18 | 0.23 | 28.23
35 HG35 122 | 1.96 | 24.05| 0.07 | 2.56 | 4.53|6.69| 5.46 | 4.61 | 2.04|145.77 | 0.26 | 2.99 | 66.41
36 HG36 8010.56 | 61.49| 0.07 | 1.17 | 1.52| 1.32] 9.55 | 1.89|2.2 |521.28 | 1.31 | 1.22 | 31.7
37 HG37 114 | 0.69 | 25.57| 0.03| 1.29| 5.02 | 1.5 | 3.69 | 4.87|2.08| 90.28 | 0.14 | 1.1 | 50.8
38 HG38 317 | 6.95| 10.57 | 0.07 | 0.42| 9.23 | 1.38| 4.46 |38.31 | 2.35| 30.64|0.71 | 1.2 | 27.86
39 HG39 151 {097 | 7.07| 0.07| 0.41| 2.83|0.39| 4.57 [16.53|2.07| 7.93]0.62|0.39 | 56.31
40 HG40 172 | 4.25] 33.8 | 0.10| 1.47 | 1.76 |2.83| 4.32 |10.73 | 2.21|270.76 | 1.76 | 1.68 | 31.39
41 HG41 146 [13.92 | 29.92| 0.06| 1.48| 1.49| 1.21| 7.86 |15.17 | 2.84|242.76 | 4.16 | 0.91 | 51.55
42 |QCVN (2015) 20 5 200 | 100 | 20 1000
43 | WHO (2022) 10 | 1300 3 2000 10 20 30
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Fig. 10. Boxplot diagrams illustrate the distribution of trace element concentrations (ug L_l) in the stream waters of the Lo River

catchment based on the main lithology of the corresponding watershed.
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originate from watersheds characterized by shale, silt-
stone, sandstone, marble, limestone, and schist lithol-
ogies (Fig. 10). Additionally, samples HGI18 and
HG20 display concentrations of Pb that exceed the
allowable limits outlined by both WHO (2022) and
QCVN 08-MT:2015/BTNMT (2015). These specific
samples are associated with the watershed of shale,
siltstone, and sandstone (Fig. 10).

Consequently, stream water from these above-
mentioned sites necessitates treatment before utiliza-
tion for drinking purposes and other human activities.
In contrast, the comparison indicates that stream
waters within the limestone and granite watersheds
meet the criteria for safe drinking water and are suit-
able for the daily activities of local inhabitants in Ha
Giang province, affirming their relatively clean nature.

CONCLUSIONS

In the Lo River catchment, the pH of stream water
exhibits a midly acidic to alkaline, with the majority
falling under the classification of alkaline. Meanwhile,
the TDS values exhibit a wide range, spanning from
17.4 to 284.9 mg L~!, with mean TDS value is 132.4 +
94.2 mg L~'. However, there is a distinct distribution
of TDS in stream water, with very low values observed
in the catchment of granite complex and higher values
in other lithological units.

The major cations and anions constitute 25.2% and
74.6% of the total dissolved solids (TDS) on average,
respectively. Among the major cations, Ca>" emerges
as the most dominant ion in the stream water of the Lo
River catchment, accounting for 70.3% of the total
cations, followed by Mg?* (12.9%), Na* (8.4%), and

K* (8.4%). For anion, HCOj is the most dominant
anion in the stream water of the Lo River catchment,

followed by SOi_, Cl~ and NO;. Specifically, on aver-
age, the stream waters comprise 89.6% HCO;, 4%
SO, 3.7% ClI~ and 2.6% NO;.

Using the Piper diagram, Durov diagram and scat-
ter plots depicting the concentrations of major ions in
the stream waters of the Lo River catchment, the water
types in stream water of Lo River catchment were
identified with the dominance of Ca—Mg—HCO;
type, followed by Na—Cl, Na—HCO;—Cl, and Ca—
Mg—Cl-SO, types. The distribution of these water
types corresponds closely with the geological condi-
tions, with Na—Cl, Na—HCO;—Cl types prevailing in
the watershed of granite complex, while watersheds
characterized by lithologies such as Quaternary sedi-
ments, limestone, marble, shale, schist, and sandstone
primarily exhibit the Ca—Mg—HCO; water type. The
dominant reaction in the water system is the dissolu-
tion of carbonate minerals, like calcite and dolomite,
followed by the contribution of modest rainfall during
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the dry season, and small-scale processes of mixing
and cation exchange.

The analytical results for pH, major anions, cations
and trace elements are also subjected to a comparison
against the National technical regulation on surface
water quality QCVN 08-MT:2015/BTNMT (2015)
and the Guidelines for drinking-water quality by
WHO (2022). The compared results showed that the
stream waters are generally suitable for the routine
activities of the local population in Ha Giang province
with a few specific sites that stream water required
treatment before these waters can be safely utilized.
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