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Abstract Based on analysis of groundwater hydrochem-
ical and isotopic indicators, this article aims to identify the
groundwater flow systems in the Yangwu River alluvial
fan, in the Xinzhou Basin, China. Groundwater 5°H and
0'®0 values indicate that the origin of groundwater is
mainly from precipitation, with local evaporative influence.
d-excess values lower than 10% in most groundwaters
suggest a cold climate during recharge in the area. Major
ion chemistry, including rCa/rMg and rNa/rCl ratios, show
that groundwater salinization is probably dominated by
water—rock interaction (e.g., silicate mineral weathering,
dissolution of calcite and dolomite and cation exchange) in
the Yangwu River alluvial fan, and locally by intensive
evapotranspiration in the Hutuo River valley. Cl and Sr
concentrations follow an increasing trend in shallow
groundwater affected by evaporation, and a decreasing
trend in deep groundwater. ®’Sr/*°Sr ratios reflect the
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variety of lithologies encountered during throughflow. The
groundwater flow systems (GFS) of the Yangwu River
alluvial fan include local and intermediate flow systems.
Hydrogeochemical modeling results, simulated using
PHREEQC, reveal water—rock interaction processes along
different flow paths. This modeling method is more
effective for characterizing flow paths in the intermediate
system than in the local system. Artificial exploitation on
groundwater in the alluvial fan enhances mixing between
different groundwater flow systems.
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Introduction

The complexity of flow and chemical evolution in
groundwater systems make them inherently difficult to
understand. Groundwater acts as a receptor and informa-
tion carrier in changeable ambient environments, and thus
hydrogeochemical information can be used to characterize
long-term behavior of groundwater systems, even when
the natural state has been perturbed by water extraction,
climate change, etc.

Since the “flow-systems concept” was first introduced
by Téth (1963), groundwater flow system (GFS) analysis
has developed into a powerful tool in the field of hydro-
geology. Based on this theory, extracting and synchroniz-
ing isolated information can reduce uncertainty, and help to
more accurately understand processes in a groundwater
basin. According to the hierarchy of GFS, basin scale
groundwater systems can be divided into local (LFS),
intermediate (IFS), and regional (RFS) flow systems. The
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GFS division is based on understanding a number of factors
in an aquifer system, including topography, geologic
structure/composition and permeability. Flow field, hyd-
rochemical field, and temperature fields can also be inte-
grated into GFS using modeling approaches. This can help
to clarify the relationships between groundwater and the
ambient environment. Groundwater Flow System theory
has been applied to solving many problems in hydrogeol-
ogy in the past decades, including integration of regional
scale flow systems (Wu and others 2002), management of
water quality and quantity (Stuyfzand 1984; Wu and others
2003), contaminant evolution (Guo and others 2001),
groundwater—surface water interaction (Winter 1999),
paleo-hydrogeology and environmental evolution (T6th
and Corbet 1986; Stuyfzand 1999), and residence times
(Edmunds and Smedley 2000; Cartwright and Weaver
2005).

At present, the analysis of flow field is often disjointed
from analysis of hydrochemical fields. This research
examines groundwater in the Yangwu River alluvial
deposits, in the Xinzhou Basin, Shanxi Province, China,
and uses hydrogeochemistry to look at flow systems at
different scales in the basin. It puts forward an integrated
method for simultaneously using the theory of GFS and
hydrogeochemical indicators. Inverse geochemical model-
ing is performed using PHREEQC, revealing hydrogeo-
chemical behavior within the hierarchy of flow systems.
Understanding the hydrogeochemical evolution of these
systems is important for sustainable development of water
resources in the basin. It also has theoretical significance
for the understanding of processes involved in causing
groundwater environmental problems, development of
groundwater flow system theory, and provides information
to aid in sustainable utilization of water resources.

Geological and Hydrogeological Setting of Study Area

The Xinzhou Basin is located in central-eastern Shanxi
Province between longitude 112°13’ to 113°57" E and lat-
itude 38°12’ to 39°27" N, occupying an area of 3385.2 km?
(Fig. 1). The basin is in the arid-semiarid region of
northern China, and is one of the Cenozoic rift basins that
form the Shanxi Rift System (Wang and Shpeyzer 2000).
Annual average evaporation is about 1600 mm, which far
exceeds the annual precipitation of 418 mm. River chan-
nels are well developed in the area, with Hutuo River
flowing the length of the basin. Yangwu River originates
from Yunzhong Mountain and flows through an alluvial fan
into Hutuo River. The alluvial fan of Yangwu River is
located in the Yuanping depression (Han 2007). The
Cenozoic rift basin is bounded by two mountain belts—the
Wautai anticline to the east and the Luliang anticlinorium to
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the west. The basin and river valley are spreading in a “6”
shape, in the direction NE65 ~70° (Fig. 1). Mountain
peaks around the basin include Wutai Mountain (3058 m),
Heng Mountain (2250 m), Yunzhong Mountain (2428 m),
and Jizhou Mountain (2102 m), from northeast to south-
west. Elevation ranges between 800 and 1000 m in the
basin.

The strata outcropping in the Xinzhou area include
magmatic and metamorphic rocks of Archean age, Cam-
brian-Ordovician dolomite and limestone, Carboniferous-
Jurassic layered sandstone and shales, Tertiary basalt, and a
variety of Holocene and late Pleistocene sediments. These
sediments include alluvial and lacustrine sand, sandy loam-
silt, and silty clay (Fig. 1a). The strata beneath the Ceno-
zoic sediments in the basin are mostly the Archean igneous
and metamorphic rocks, and locally Cambrian limestone.
Cenozoic sediments range between 50 and 2100 m thick-
ness including about 50 to 360 m of Quaternary deposits.

The Quaternary groundwater system in the Xinzhou
Basin is recharged via infiltration of precipitation, lateral
influx of groundwater from mountain areas, and leakage of
river channels. Among these, influx from the karst water
system of the Yunzhong Mountains has been estimated to
be 14.03% of total recharge (Liang and others 2007).
Groundwater is the most important source of water in the
basin, accounting for 70% of total water use. However,
with rapid economic development since the 1980s, indus-
trial, agricultural and mining activities have dramatically
increased the demand for water. This has resulted in a
continuous decline of groundwater levels and deterioration
of groundwater quality in urbanized and agricultural areas
in recent decades (Han 2007).

Sampling and Analysis

Based on prior analysis of the geologic, tectonic and
hydrogeologic background of the Yangwu River alluvial
fan, forty-seven samples, including 39 groundwater and 8
surface water samples, were collected in August 2004 and
August 2006. The distribution of sampling sites can be seen
in Fig. 1b. Groundwater Samples from production wells
were collected from a range of different depths, including
12 shallow (well depth <50 m) and 27 deep groundwaters
(well depth >50 m).

Depth to water, pH, and temperature were measured in
the field. pH and temperature were measured at the time of
sampling using a portable WM-22EP meter. In most cases
alkalinity was determined on filtered samples in the field,
by titration with H,SO,4 (0.22 N). Samples for major anion
analysis were collected in polyethylene bottles, tightly
capped and stored at 4°C until analysis. Samples for cation
analysis were preserved in acid-washed polyethylene
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Fig. 1 The structure of groundwater systems in the Xinzhou Basin
(a) and water sampling map (b). Geology was simplified from the
Hydrogeologic Map of the Xinzhou Region (1:200,000) (1977). a: 1.
Pore water system in Quaternary deposits of the Xinzhou Basin; 2.
Fracture water in magmatic and metamorphic rock; 3. Karst water in
limestone; 4. Fracture water in detrital rock; 5. Fracture water in
basalt; 6. Catchment extension of the Yangwu River alluvial fan; 7.

bottles, and acidified to pH < 2 with 6 N HNO;. Major
anions (Cl, SO427, NO;™, precision = 5-10%) were
measured using ion chromatography (DX-120), while
major cations (Ca2+, Nat, KT, Mg”, precision £ 5-10%)
and trace elements were analyzed using ICP-MS in the
Environmental Chemistry Laboratory, School of Environ-
mental Studies, China University of Sciences. Charge
balance errors in all analyses are less than 8%.

Stable isotope values of 6'%0 and §°H were measured by
mass spectrometry, with a Finnigan MAT251 after on-line
pyrolysis with a Thermo Finnigan TC/EA (Temperature
Conversion Elemental Analyzer), in State Key Laboratory
of Geological Processes and Mineral Resources, China
University of Sciences. The 6'%0 and 6°H values were
measured relative to international standards that were cal-
ibrated using V-SMOW (Vienna Standard Mean Ocean
Water) and reported in conventional ¢ (%o) notation. The
analytical precision for 6°H is & 1.5%0 and for §'*0

Study area

E——

Yangwu River alluvial fan; 8. River; 9. Division of groundwater
systems; 10. Basin boundary; 11. Basin watershed. b: 1. Surface water
sampling sites (marked with “R”); 2. Shallow groundwater sampling
sites (marked with “S”); 3. Deep groundwater sampling sites (marked
with “D”); 4. Contours of groundwater level; 5. Groundwater flow
direction

is & 0.2%o. Strontium isotopic determinations were carried
out using a Finnigan MAT262 multi-collector mass spec-
trometer according to the technique of Négrel and others
(2000), in the Yichang institute of geology and minerals
resources. The reproducibility of ¥’Sr/*®Sr ratio measure-
ments was tested by replicate analyses of the NBS 987
standard, with the mean value obtained during this study
being 0.716642 + 0.000018 (20). Analytical results are
shown in Table 1.

Results and Discussion

H-'80 As Indicators of Groundwater Origin
and Recharge

Stable O and H isotope values (6°H and 6'%0) from surface
and groundwaters across the basin are given in Tables 1
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s and 2. Mean 6°H and 6'%0 values are —65.6 and —8.5%o
§ % for surface water and —68.4 and —9.0%o for groundwater,
0 L) . N
“ll2ggzggegeegegee respectively. A plot of 5°H versus 6'%0 for surface and
- groundwater is shown in Fig. 2. The distribution of §°H
% and 6'%0 in surface and groundwater samples are similar,
£2 indicating extensive interaction. A wide variation in
2L 22222 EEEE . .
=~ groundwater values from the alluvial fan to the lower right
i side of the GMWL was observed. It is noted that this
g TEEEEEEE T oxygen §h1ft could be causeq by elevation effects and/or
evaporative processes to various extents, as water flows
2 g s g from the recharge areas in the Yunzhong Mountains to
Z 0o oo S 53 discharge sites in the alluvial plain. The d-excess, defined
- 22 =22 S48 as d = 0D-8 * §'®0 (Dansgaard 1964), is a useful proxy
fﬁé SSJSSSJ2? for identifying secondary processes influencing the atmo-
E § § § § ; § § § § spheric vapor content in the evaporation-condensation
cycle (Craig 1961; Machavaram and Krishnamurthy
) 1995). For atmospheric moisture not influenced by sec-
&0 . .
SE| 222222 EEE ondary evaporative processes, the d-excess approximates
A the y-intercept of the GMWL of 10 (Marfia and others
SRl TS T e 2004). The d-excess values presented in Table 2 range
aE|l¥as~"2zaagl o 0
from —12.5 to 14.8%0 with averages of 2.4 and 3.9%o for
‘Om% v N~ o oo oo surface and groundwater samples, respectively. d-excess
SE[§2 5883833 values lower than 10%o suggests the isotopic composition
_ in water samples is characteristic of semi-arid climate
N T R T T VAV (Geyh and others 1998). Deep groundwater generally has
gE|dfceddseSs 2 180y i gt R
~ lower values of 6°H and ¢ °O, indicating a colder climatic
) signal during recharge (e.g., during the last glacial maxi-
+‘Z“ Elsesvges 2= mum), which has been inferred by Chen (2001) in north
= China Plain. The high d-excess values in some ground-
. Eo B, waters likely arise from relatively rapid incorporation of
Ml mme s s s s recycled precipitation (Marfia and others 2004).
) Most water samples are distributed along a mixing line
Y — NN O A AN~ . . .
g’féf S wa=%xxaqgg (Fig. 2), which connects two end-members, one a typical
= cold climate groundwater (Chen 2001) and one a modern
& Ea 22322393 meteoric water (Wang 2006) in northern China. There is a
M RGNS mixing trend between the two end-members below the
R B I N BCI E LMWL.
A en T © = A ©O OV v —
EE([RES3ZEARE
5| = " e e Water Chemistry
o - o ~ 0 o ~ A wide range of major ion compositions were observed in
o T - T S S N S o . . .
water from the alluvial fan, as shown in the piper plot
E (Fig. 3). In most groundwater, Ca*", Mg*" and HCO;™~
sEl2Z8S822=2828 28 make up the bulk of TDS. Mean HCO; ™~ content is 55.1%
g |l =W R v 3S3S33 . . ) .
- - " " - === of total anions in surface water, 60.1% in shallow
& aliTa R R e I R B B R ) groundwater, and 72.1% in deep groundwater. Ca*" on
K= oS O O O O O o o O . .
T, ‘:D ‘;'D ‘:D ‘;'D :: ‘:D ‘:0 ‘:D ‘;'D average makes up 49.4% of total cations in surface water,
. GE|222222222 59.1% in shallow groundwater, and 57.7% in deep
2le groundwater. Mean SO4>~ content is 34.8% of total anions
B ol o . .
E gg — <« e | 2 in surface water, 29.1% in shallow groundwater, and 21.6%
G Q . — .
Zle=lerRrREERER R in deep groundwater. The Ca, Mg and HCO;~ rich com-
% 85 g po.sitio.ns are probably due to surface wate.rs and preci.pi-
=l= 28 = tation in the upper reaches of the Yangwu River recharging
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Table 2 Results of the isotopic analysis for surface and groundwater
samples from the Xinzhou Basin

Label X Y 0D (%o) 5'%0 (%o0)  d-excess (%o)
Surface water samples:

H10 1123538 384100 —65.2 -9.1 7.8
H14 1124340 383750 —68.4 —-8.9 32
H19 1123558 383100 —60.3 —7.6 0.8
QWI* 1122134 382952 —63.5 —8.8 6.9
QW2* 1121914 382928 —64.2 -9.8 14.0
QW3* 1122633 383431 —58.8 -5.8 —12.5
QW4* 1122745 383405 —63.8 —8.5 4.0
Groundwater samples:

X51 1125842 390446 —76.1 —10.6 8.8
X56 1125641 390642 —71.3 -9.2 2.6
X57 1125651 390525 —66.2 —8.6 2.8
X58 1125558 390606 —63.4 -9.0 9.0
X59 1125825 390314 —67.2 -93 74
X60 1125933 390251 —68.1 -9.5 8.0
X61 1125950 390233 —68.4 -94 7.2
X62 1130047 390112 —64.3 -9.5 12.0
X73 1124247 385606 —66.2 —10.1 14.8
X717 1123722 384846 —67.2 -9.8 114
X98 1124545 384424 —69.3 —8.9 22
X116 1124726 384218 —67.1 —8.9 4.2
X117 1123520 384932 —70.2 -9.5 6.0
X118 1123615 384907 —71.0 -9.1 1.8
X119 1123758 384803 —74.2 -9.2 -0.4
X120 1123825 384743 —68.2 -9.5 8.0
X121 1123940 384720 —68.3 —10.1 12.8
X122 1124018 384622 —674 -9.1 5.8
X123 1124137 384558 —68.1 -9.5 8.0
X124 1124202 384525 —71.2 -93 34
X125 1124653 384325 —66.0 —8.4 1.2
X126 1124809 384222 —65.2 —8.5 3.0
X128 1124833 384001 —70.3 —8.6 —-1.2
X129 1124930 383839 —68.1 —8.4 -0.8
X317 1125245 383215 —674 —8.6 1.8
X328 1124928 383820 —66.2 —8.6 2.8
X329 1124910 383730 —64.2 -7.9 -0.8
X330 1124905 383617 —67.1 —8.1 22
X332 1125110 383448 —65.3 —8.2 0.6
X333 1125210 383328 —64.4 -9.1 8.8
X334 1125251 383249 —65.3 —8.5 3.0
X335 1125252 383224 —67.3 -89 4.2
X336 1125400 382315 —69.1 -93 54
X337 1125420 382450 —74.2 —10.7 11.6
X338 1125324 382806 —63.2 —8.2 2.6
X339 1125319 382903 —63.1 —8.7 6.6
X140 1125430 382115 734 -9.7 4.6
DW4* 1121652 385601 —60.3 =75 —0.6
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Table 2 continued

Label X Y 0D (%) 6'%0 (%o)  d-excess (%o)
DW6* 1124517 385739 —73.9 -97 3.6
DW8* 1123954 385601 —762  —10.3 6.0
DWI12* 1124325 385645 —71.4 -9.8 6.6
DWI13* 1124548 1385659 —71.9 -8.7 -22
QW5 1123446 383339 —67.5 —92 6.3
QW7* 1123723 383251 —67.2 —94 8.0
QWI19* 1123449 1383202 —64.3 —87 5.4
QW20* 1123424 383121 —62.5 —87 6.9
QWI13* 1123559 383149 —59.2 —6.9 —42
QWI18* 1123434 383200 —63.4 8.8 6.9

4 Sampled in August 2006, and others in September 2004

and flowing via carbonate rocks in the Yunzhong Mountain
karst terrain, before entering the Quaternary aquifer. R and
Q mode cluster analyses were carried out according to
major ion and trace element composition (Fig. 4). Ca®"
and Mg”" correlate strongly with S and Sr,indicating a
common source, probably due to Sr substituting for Ca
(and possibly Mg) in gypsum and calcite in the karst areas
(Edmunds and others 2003).

Surface waters are generally HCO; - SO4-Na and
HCO;3-Ca type, with TDS <0.6 g/L. Shallow groundwater
samples S4, S5, and S6, which are close to Hutuo River,
are HCO; - SO4-Ca - Mg type, similar to deep groundwa-
ter samples D9 and D10. This indicates good hydraulic
connection between shallow and deep groundwater there.
R5, sampled from the upper reach of Yangwu River, has
similar characteristics to groundwater in the upstream
section of the alluvial fan. However, R7, from Hutuo River
is characterized by high Na™ and is interpreted as having
been affected by groundwater discharge. D16 and S5 are
poorly correlated with most other groundwater samples,
indicating they are likely from a different groundwater flow
system(s). These samples are located on the east bank of
Hutuo River, away from the majority of other samples.

Mineral saturation indices (Table 3) of certain ground-
water samples were calculated using PHREEQC 2.1
(Parkhurst and Appelo 1999). The main minerals in the
aquifer are calcite, dolomite, gypsum, albite, and celestite
with variable trends toward saturation along the flow path
in shallow and deep aquifers.

Ton Ratios in Groundwater

Groundwater hydrochemistry effectively acts as a “track-
record” of groundwater flow systems (T6th 1999; Glynn
and Plummer 2005). Regularity in the patterns of hydro-
chemical evolution (e.g., changes in TDS, hydrochemical
type and major anion composition) are frequently observed
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Fig. 2 Oxygen-18 and -50
deuterium composition of water \N\f
samples from the Xinzhou -55
Basin; SU surface water, GW
groundwater, “basin” means -60 |
sampling throughout the whole —
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Fig. 3 Piper plot of various water samples from the Yangwu River alluvial fan

in different GFS (T6th 1980). CI™ is frequently used as a
tracer along groundwater flow paths due to its lack of
reactivity and input sources in the subsurface environment
(Liang and others 1991). Cation concentrations and ratios
can trace water—rock interaction processes, such as mineral
weathering and cation exchange. The ion ratios of various
water samples in this study area can be seen from Table 4.

Higher Ca*" and HCO;~ concentrations are generally
characteristic of lower TDS in groundwater. The main

minerals in Quaternary sediments include quartz, gypsum,
feldspar, amphibole, calcite, dolomite, chlorite, and illite
(Han 2007). From Table 4, groundwater which is
HCOj; - SO4-Ca and HCOj; - SO4-Ca - Mg type is charac-
terized by higher rCa/rNa ratios, indicating dissolution of
gypsum and dolomite, which again indicates recharge by
karst groundwater and/or surface water from Yangwu river.
Ratios of rSO4/rCl and rHCOs/rCl reflect anion evolution
during hydrogeochemical processes along flow paths. Most
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Table 3 Saturation indices on partial groundwater samples (localities on Fig. 1b) from the aquifers of Yangwu River alluvial fan

SI (LogIAP/KT) D6 D7 D3 D13 D8 S3 S6 D14 D10 S5

Slcalcite —0.75 -0.21 0.35 0.47 0.04 —0.06 0.13 0.58 0.35 0.74
SIpolomite —1.89 —0.64 0.29 0.49 —0.40 —0.58 —0.15 0.78 0.27 1.06
Slgypsum —2.24 —2.18 —1.33 —-1.32 —-1.93 —-1.70 —1.46 —1.58 —1.40 —1.18
ST abite -5.30 -0.24 -3.05 —-1.63 -2.29 -3.27 -2.10 —1.88 —1.72 —1.36
Slcelestite —2.42 —2.54 —1.46 —1.52 —-2.31 —2.06 —-1.74 —-1.73 —-1.70 —1.54

The minus values refer to the state of dissolution, and the plus values refer to the state of precipitation

shallow groundwater samples have lower ratios of rSO4/rCl
at the river valley, which is potentially a discharge area for
a LFS or IFS, and/or a mixing zone for a number of flow
systems. Higher rSO4/rCl ratios can result from recharge
by karst groundwater that has dissolved gypsum (Liang and
others 2007).

rNa/rCl ratios indicate sources of salinity during
groundwater flow (e.g., Cartwright and Weaver 2005). The
rNa/rCl ratios of most groundwater from the alluvial fan lie
between 0.56 and 2.98 in shallow groundwater and 0.88—
7.46 in deep groundwater (Fig. 5a). The least saline
groundwater (sample D5 with 2.17 mg/L Cl) has the
highest rNa/rCl ratios (up to 7.46). The higher rNa/rCl
ratios are probably due to Na derived from weathering of
albitic feldspar, which is common in the clastic sediments
in the Xinzhou Basin (Zhang 2005; Sun 2006). If halite
dissolution and/or evapotranspiration were responsible for
the majority of sodium, then rNa/rCl ratio should be
approximately equal to 1, whereas ratios greater than 1 are
typically interpreted as Na released from a silicate weath-
ering (Meybeck 1987; Jankowski and Acworth 1997).

The rNa/rCl ratios in deep groundwater decrease from
the piedmont plain to river valley e.g., along the flow path
D6 — D7 —» D8 — D10, rNa/rCl ratios decrease in the
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pattern 3.03 — 3.00 — 2.37 — 1.27. This decrease may
be controlled by cation exchange reactions in the clay rich
media. From the frontier of Yunzhong Mountain to the
Hutuo River valley, groundwater quality deteriorates, evi-
dent in the higher Cl™ concentrations towards the river
valley, where regional groundwater discharge occurs. The
potential hydrogeochemical behavior can be inferred from
the relationship between rCa/rMg and rNa/rCl ratios
(Fig. 5b). In general, it is expected that evaporation causes
an increase in concentrations of all ions in water, assuming
no mineral species are precipitated. rCa/rMg ratios of
groundwater from this area suggest the dissolution of cal-
cite and dolomite present in the alluvial aquifers. Gener-
ally, if rCa/rMg = 1, dissolution of dolomite is assumed to
be occurring, whereas higher ratios indicate a greater cal-
cite contribution (Maya and Loucks 1995). Hence, values
close to the line (rCa/rMg = 1) indicate dissolution of
calcite and dolomite, while those with values greater than 2
indicate the effects of silicate mineral weathering (Fig. 5b).

Strontium Isotope Composition (*’Sr/*®Sr)

878r/80Sr ratios, a tracer of water—rock interaction during
groundwater flow (Darbyshire and others 1998), have been
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Table 4 Ion ratios of various water samples in the Xinzhou Basin

Sampling type Hydrochemical type pH TDS (mg/L) rCa/tNa rCa/rMg rCa/rCl rNa/rCl rSO4/rCl rHCO;/rCl
Surface water SO, - HCOs-Ca - Mg Range 6.5 471.4 0.83 1.95 4.93 1.37 4.70 3.89
SO, - HCOs-Na - Ca ~17.7 ~1715.6 ~1037 ~233 ~1837 ~591 ~1529 ~15.00
n=4) Mean 7.38 593.13 6.17  2.07 11.32 270 10.13 9.26
St.D. 0.68 118.09 454  0.18 7.14 215 5.16 5.25
HCO; - SO4-Ca Range 7.6 193.7 0.88 1.04 222 1.51 2.32 3.64
HCO; - SO4-Ca - Mg ~8.5 ~425.8 ~7.00 ~3.61 ~17.11 ~252 ~7.04 ~1541
HCO; - SO4-Na - Ca - Mg Mean 7.58 303.03 412 229 8.64 218 4.57 8.35
(n=4) St.D. 0.37 120.81 2.71 1.05 623 046 1.97 5.08
Shallow groundwater HCOj3-Ca Range 7.0 308.4 1.72 1.41 3.17 0.84 0.90 1.34
HCO;-Ca - Mg ~83 ~1507.9 ~1054 ~4.12 ~12.03 ~298 ~4.64 ~12.12
HCO;-Ca - Mg - Na Mean 7.74 536.29 4.84 213 6.53 1.54 2.10 6.86
(n=06) St.D. 0.58 476.33 3.46 1.03 4.17  0.75 1.45 4.49
HCO; - SO4-Ca - Mg Range 7.1 386.5 6.96 1.91 390 056 2.38 2.05
SO, - HCOs-Ca - Mg ~8.0 ~811.8 ~9.63 ~240 ~1841 ~191 ~9.73 ~18.67
(n=06) Mean 7.25 552.00 8.61 2.05 11.33 1.27 6.25 10.63
St.D. 0.51 183.71 1.01  0.18 546 051 2.84 6.43
Deep groundwater HCO;5-Ca Range 6.5 197.6 1.77 1.38 5.26 1.50 0.50 7.75
HCO;-Ca - Mg ~8.4 ~295.6 ~930 ~3.06 ~6946 ~746 ~746 ~068.26
HCO;-Ca - Mg - Na Mean 7.62 258.46 421 2.04 13.01 278 2.78 16.31
(n = 16) St.D. 0.60 28.74 1.89  0.46 1540 1.35 2.03 14.57
HCO; - SO4-Ca Range 6.5 329.2 0.45 1.78 213 0.88 1.71 4.66
HCO; - SO4-Ca - Mg ~83 ~501.2 ~9.65 ~255 ~1826 ~477 ~476 ~19.52
(n=11) Mean 7.37 394.99 7.85  2.08 1144  1.75 5.85 11.36
St.D. 0.68 62.91 254 022 4.05 1.05 2.06 3.90

The ratio values are calculated in meq/L

n statistical number, St.D. standard deviation

measured to try to identify different mineralogical sour-
ce(s) of Sr, which will reflect the variety of lithologies
during throughflow. Rock samples were analyzed for
87Sr/%°Sr ratios and compared with water samples. In the
Yunzhong Mountain area, *’Sr/*Sr ratios were found to be
0.70860 in Cambrian limestone, 0.70893 in Ordovician
limestone, 0.71147 in Archean dark metamorphic rock, and
0.80626 in Archean gneiss. One rainfall sample from
Yuanping was also collected, having a ¥’Sr/*°Sr ratio of
0.70966.

Most data points are distributed between 0.709 and
0.713 #Sr/*Sr (Fig. 6), indicating Sr in groundwater is
largely from rainfall and weathering of silicates (e.g.,
Archean dark metamorphic rock). In the piedmont area
located at the upper reach of Yangwu River, lower
87S1/%Sr ratios (such as samples D3, D4, and D14) indicate
the piedmont aquifer is recharged by karst water, which has
weathered carbonate minerals with low ®’Sr/*°Sr ratios.
These data have similar ®’Sr/*®Sr and 1/Sr values to the
surface water sample R1, from Yunzhong Mountain. D2,
D6, and D8, in the southern region, appear to be affected
by silicate dissolution, and/or slower flow velocity with

higher reaction rates, resulting in higher ¥’Sr/*®Sr ratios.
Water-rock interaction between groundwater and meta-
morphic rock with very high 8’Sr/*®Sr, such as gneiss, may
explain the high ®'Sr/*®Sr ratio in groundwater sample
D15. The data indicate that water-rock interaction exerts a
strong control on the ratios of ¥’Sr/*®Sr in Quaternary
groundwater of the Xinzhou Basin.

Groundwater Flow Systems in the Yangwu River
Alluvial Fan

The evidence for dividing the Quaternary aquifers of the
Xinzhou Basin into hierarchical GFS includes several
aspects. One is the relationship between basin topography
and tectonic framework. Secondly, the contour map of
groundwater elevations can be used to judge flow direc-
tions. The nature and structure of the strata which comprise
the sedimentary aquifer system also need to be considered,
as do the location of recharge and discharge areas,
including the distribution of streams and major areas of
groundwater exploitation. All of these aspects are consid-
ered in conjunction with the hydrochemical data. Due to
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the limitations of borehole depths in the Quaternary sedi-
ments in this study, the hierarchical GFS in Yangwu River
alluvial fan are classified as LFS and IFS (Fig. 7). At
present, there is insufficient data to identify a RFS, asso-
ciated with groundwater sourced from the basement of the
Xinzhou Basin.

LES and IFS identified in the Xinzhou Basin are
depicted on Fig. 7. The LFSs are controlled by topography
of the land surface and water potential in localized zones,
are recharged from near sources, and discharged either in
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locally low topography or via artificial abstraction. They
are characterized by short flow paths, fast velocity, and
short average residence time. The IFS is characterized by
long flow path, slow velocity, and long average residence
time. The IFS (or basin flow system) is controlled by
regional topography of both land surface and the water
table, with a large recharge zone on its upgradient side
(piedmont area in the upper reach of Yangwu River) and
discharge on its downgradient side in the low topography
of the Hutuo River valley and via concentrated abstraction
(e.g., large groundwater depressions).

The GFS profile along the piedmont plain of Yangwu
River alluvial fan, like many groundwater flow systems,
shows increasing TDS and Cl™ content along flow paths
(e.g., Arad and Evans 1987; Weaver and Bahr 1991; Elliott
and others 1999; Edmunds and Smedley 2000). Along the
proposed flow paths (Fig. 7), the medium of the aquifers
becomes increasingly clay-rich, resulting in lower perme-
ability and low flow velocity, a likely cause of this trend.
Some hydrogeochemical reactions also result in variable
TDS along local scale flow paths. Groundwater in LFS,
with shorter flow paths, tends to contain lower C1~ contents
and higher TDS, possibly due to leakage of agricultural
chemicals (e.g. fertilizer). The zone of intensive human
exploitation is potentially a mixing convergence for dif-
ferent scale GFS (e.g., the natural IFS and agriculture-
impacted LFS). In the IFS, Sr content decreases along the
flow direction, probably due to different extents of water—
rock interaction and variable recharge from the karst
groundwater. Within the LFS, Sr content increases along
the flow path (e.g., due to evaporation). Decreasing Sr
content from north to south and from west to east on a
regional scale may also be a result of vertical mixing with
precipitation and surface water.

Hydrogeochemical 1-D Transport Model
Modeling Method

Hydrogeochemical modeling can be used to reveal the
effects of hydrochemical evolution during groundwater
flow. Due to a lack of data on the heterogeneity of aquifer
mineral compositions, hydraulic conductivity, etc., one
dimensional hydrochemical modeling (Fig. 8) under stable
velocity of groundwater flow was performed, using
PHREEQC2.1 (Parkhurst and Appelo 1999). Such model-
ing considers diffusion and dispersion, calculating reaction
and transport processes along a flow path. Inverse geo-
chemical modeling can be used to quantitatively simulate
water—rock interaction, according to chemical and isotopic
data, describing which reactions occur, and the kind
and amount of minerals which dissolve or precipitate.
Modeling results depend on the input of geologic and
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hydrogeologic knowledge in the study area, e.g., hydrol-
ogy, mineralogy, thermodynamic equations, isotope data.
The method then integrates spatio-temporal flow condi-
tions with chemical behavior (Merkel and others 2005).

Selection of Flow Path

According to the analysis of groundwater flow direction
(Fig. 1a) and the constructed GFS profile (Fig. 7), S6 — S5
(distance 1885 m, velocity 0.0018 m/d) can be selected as a
flow path for a LFS, and D8 — D10 (distance 4521 m and
velocity 0.0034 m/d) for the IFS. The values of flow
velocity were calculated using Darcy’s law, in Han (2007).

From these results, the flow velocity in LFSs ranges from
0.0031 to 1.462 m/d with an average value of 0.258 m/d,
while flow velocity in the IFS ranges from 0.0019 to
0.79 m/d with an average value of 0.189 m/d. Generally,
the flow velocity in the IFS is less than that in LFSs,
however locally, v(LFS) < v(IFS) in some flow paths.

Modeling Results and Analysis
Two flow tubes, 1885 m and 4521 m long, were modeled
to simulate piston flow transport along S6 — S5 and

D8 — D10, respectively, using PHREEQC. The hydraulic
parameters used for these tubes were from Chen and Wang
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Table 5 Calculated results of mass transfer along different flow path in the GFS of Yangwu River alluvial fan

Flow path  Calcite CO,(g) Gypsum Halite Biotite Plagioclase Kaolinite Fluorite Dolomite Quartz  Celestite Albite
S6 — S5 —2.023 5.128 —0.028 0.619 —0.010 —1.978 0.014  0.044 —0.589 —3.941 0.001 —0.313
D8 —» D10 —1.254 2235 1.317  0.404 0.005 0.042 —1.189  0.021 —0.970 —1.922 0.011 0.113

Unit in mmol/kg H,O; the minus and plus value mean dissolution and precipitation, respectively

(2000) (D = 0.00271 m?/d, porosity 0.25).The results of
the inverse-geochemical modeling were used to judge the
variety of processes to be included in reactive-transport
modeling, and the amounts of phase transfer along the flow
path.

The results of hydrogeochemical modeling are shown in
Table 5. The main hydrogeochemical processes along the
flow path S6 — S5 include dissolution of quartz, plagio-
clase, dolomite, and albite, precipitation of halite, and CO,
release. For the flow path D8 — D10, the results indicate
that dissolution of quartz, calcite, kaolinite, and dolomite,
plus precipitation of gypsum, halite, and albite, and minor
CO, release, are the main hydrogeochemical processes.

Conclusion

The 0°H and 6'®0 composition of groundwater and surface
water indicate rapid recharge of groundwater aquifers by
precipitation or surface water in the Xinzhou Basin.
d-excess values in most water being lower than 10%
indicates a cold climate isotopic signal, probably due to
cooler climate during recharge. Values locally more than
10% indicate evaporative influence. Groundwater salini-
zation is dominated by water—rock interaction in the allu-
vial fan of the Yangwu River, but locally by intensive
evapotranspiration in Hutuo River valley.

The groundwater flow systems of the Yangwu River
alluvial fan has been identified, belonging to two hierar-
chies, namely local (LFS) and intermediate (IFS) flow
systems. Groundwater chemistry in these systems becomes
more complicated from recharge area to discharge area.
Hydrochemical type and TDS are characterized by strong
irregularity in shallow groundwater samples, which is
interpreted as being related to evaporation within different
LFSs. In the IFS, which includes deep groundwater, hyd-
rochemical type changes from HCO;-Ca to HCO; - SOy-
Ca - Mg with increasing TDS and CI™ content along the
main flow path. More regular trends are observed in
the major ion composition in the IFS than the LFSs, due to
the longer cycle flwo path. The analysis of Sr content and
87S1r/%°Sr ratios in groundwater demonstrate that Sr accu-
mulates in LFS and decreases in the IFS along the flow
paths. The ®’Sr/*Sr ratios reflect the variety of lithologies
encountered during groundwater flow.
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The results of hydrogeochemical reactive-transport
modeling along the different flow paths reveal the quanti-
tative phase transfers during water—rock interaction pro-
cesses. The modeling method is more effective in
characterizing the flow path in the IFS than that in LFSs.
Because LFSs are affected by many factors, including
surface recharge (e.g., stream, irrigation, and precipitation),
evaporation, and drainage of waste water, it is hard to
accurately constrain reaction conditions.

Shallow groundwater near the alluvial fan fringe, close
to the Hutuo River valley, is characterized by decreasing
flow velocities and complicated hydrogeochemical fea-
tures. This region is considered a discharge area for both
LFS and IFS. It is clear that the natural GFS in the area has
been influenced by anthropogenic actions. Patterns of
groundwater exploitation could be integrated with the
concentration pattern within the flow systems and model-
ing results, in order to reduce the intensity of disturbance to
natural throughflow conditions in the basin.
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