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ABSTRACT

Hydrogeochemistry of Major and Trace Elements of Ground and Surface Water in the

New Jersey Pine Barrens

Wei Rong
Master of Arts
Temple University, 1996

Major Advisor: Dr. David E. Grandstaff

This study investigates major and trace element geochemistry of ground and
surface water in the New Jersey Pine Barrens (around Wharton State Forest). The
chemical composition of dissolved species of Cohansey Formation groundwater differs
from that of the underlying Kirkwood Formation. The difference implies that groundwater
from the two formations has different sources, geochemical processes and flow pattems
and that cross-formational flow between them is minor. The source of iron in bog iron
deposits in the New Jersey coastal plain is thus not from cross-formational flow from a
deeper formation, but from within the Cohansey Formation. Chemistry of Cohansey
groundwater is mainly controlled by precipitation (rain and snow) with limited water:rock
reactions. Solutes in Kirkwood groundwater are mostly derived from water:rock reactions

because Kirkwood groundwater is controlled by regional flows that have long residence
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time. The presence of clay and other confining layers contributes to the heterogeneity of
groundwater composition, even over short distances. Most well waters did not show
seasonal variations in composition because groundwater has residence time longer than
a year.

Stream water is similar to Cohansey groundwater in major element composition,
which shows that stream and shallow groundwater are both dominated by precipitation
composition and that there is extensive recharge interchange between them. The low pH
values of surface water (average 4.5) and Cohansey groundwater (average pH = 5.3)
appear to be affected by acid rain in this region. High pH of Kirkwood groundwater
(average 8.3) is caused by water:rock reactions in the Kirkwood Formation. Na*/Cl" in the
Cohansey groundwater has a ratio (0.577) close to that in seawater (0.55), indicating Na*
and CI" are from marine aerosols. When pH is greater than 4.8, aluminum concentration
is consistent with controls by gibbsite or/and kaolinite solubility. However, when pH is
less than 4.8, Al is undersaturated with these minerals. At low pH, Al activity is

controlled by saturation with organic aluminum phases having low Al/COOH ratios.
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CHAPTER 1

INTRODUCTION

The Pine Barrens of the New Jersey Coastal Plam is a wnique place for
environmental geochemists who are interested in water quality of relatively pristine and
undeveloped areas. Forested mostly with oak and pwe trees, the Pine Barrens spans an
area about 1500 square miles (3900 km?) and covers seven counties in southeastern New
Jersey. Water in the Pine Barrens 1s one of the major resources of the New Jersey Coastal
Plain.

Water chemistry in the Pine Barrens has been the subject of a number of previous
studies. Rhodehamel {1970, 1973, 1979) did the most comprehensive investigations of the
ground and swface water hydrology in the Pine Barrens. Kelsey and Kinsman (1971)
conducted hydrological and geochemical studies of the Cedar and Qyster Creek basin in
the northem part of the New Jersey Pine Barrens. Jobnson {1979} concluded that the acid
precipitation in the Pine Barrens was the cause of acidification of stream waters. Yuretich
et al. (1981), Crerar et al. (1981) and Means et al. (1981) carried out a more extensive
study of the geochemistry of precipitation and stream water in the Cedar Creek and the
Mullica River, They also reported iron and aluminum concentrations and distributions 1
shallow groundwater in their study ares. Recently, Jones (1994) did a detailed study of
major element and trace element chemistry in precipitation and surface water of the

Mullica River Basin, All these studies bave focused on surface water chemistry or



groundwater resource availability. Little has been done on the groundwater chemistry,
except a recent water quality investigation in the MeDonalds Branch Basin (Johnsson and
Barninger, 1993), a small watershed in the northern Pine Barrens.

The purpose of this study is to investigate the solute chemistry of groundwater in
the Cohansey and Kirkwood Formations in the Pine Barrens (particularly, in the Mullica
River Basin). The specific objectives of the study are:

1. to compare groundwater chemistry of these two stratigraptiic units and explain
the differences and similarities;

2. to compare groundwater chemistry with surface water and precipitation
chemistry to determine groundwater sources and composition controls;

3. to investigate geochemistry of aluminum, an important species in areas affected
by acid rain;

Faily, this study wall mclude a geochemical discussion of bog iron, the origin
of which is not fully understood, but is at least partially related to the distribution of iron

in groundwater.



CHAPTER 2

STUDY AREA

Location

The Wharton State Forest, which occupies most of the Mullica River Basin, 15 a
very sparsely populated area in southem New Jersey's Pine Barrens (Figure 1). It 1s about
380 km® (150 mile?) in area and lies mostly in Burlington County with small portions n
Atlantic and Camden Counties in New Jersey. Topographically, the State Forest is nearly
flat and poorly drained with many swamps and slowly flowing nivers. Since the basin is
located to the east of the main surface-water drainage divide, the Mullica River flows
southeastward to join the Atlantic Ocean. Other nivers in the study area (Batsto River,
Wading River and Oswego River (east brunch of the Wading River)} are all tributanes
to the Mullica River.

A number of factors make the Mullica River Basin an excellent place for
hydrogeochemical studies. [t is one of the largest drainage basins in the center of the Pine
Bamrens and contains most of the typical soils, and plant and amimal species in the
Pinelands. The Mullica River Basin, thus, can represent the Pine Barrens as a whole.
Human activities and pollution within the park are minimal except for some reereational
activities such as canoeing, camping and hunting. Because of its clean ground and surface
waters, the Park was purchased by the State of New Jersey in 1954 as a water reserve.

The importance of water quality in the Wharton State Park is self-evident.
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Map of the Wharton State Forest in the New Jersey Pine Barrens. Dots with numbers indicate

sampling sites.

eroundwater

Figure 1



Geology

The stratigraphic unit exposed at the surface of most of the study area is the
Cohansey Formation of either Miocene or Pliocene age. The age is not known precisely
because of the lack of diagnostic fossils within the Cohansey Formation. The Cohansey
15 underlam by the Miocene Kirkwood Formation (Table 1). Each formation has a
thickness of about 45 meters {150 feet) in the Park and dips and thickens southeastward
toward the Atlantic Ocean. Both formations are made up of unlithified quartz sand
containing carbonaceous clay and silt lenses and layers which form confining layers.
These confining layers have important effects on the hydrogeochemistry of groundwater
by altening flow paths and by providing mineral sources for ion exchange and other
reactions.

The Cohansey Formation is composed dominantly of quantz sand (90%) with a
minor amount of chert and ironstone pebbles and silt. In the laminated carbonaceous clay
layers, the minerals are largely kaohnite and 2 very small amount of Umenite. According
to Rhodehamel (1973), the clay layers in the Cohansey comprise about 11% of the total
lithology. The Cohansey sand crops out many places in the Wharton State Park; m other
places it is overlain by a veneer of Tertiary Beacon Hill Gravel and Quaternary depostts.

The Kirkwood Formation, which does not crop out within the Park, contains
mappable units of gravel, sand, silty sand, feldspathic sand and clay layers (Minard and
Owens, 1962). The mineralogy of the Kirkwood Formation 1s very similar to that of the
Cohansey Formation except that feldspar, which 1s almost absent in the Cohansey, is quite

common in the Kirkwood Formation. In texture, the sand fraction in the Cohansey



Table 1. Suwmmtary of the siratigraphic section in the Mullica River Basin
L __________________________________________________________________________________________________

Systern Series Formation Thickness Lithology Hydrologic Characterstics
Holocene  undifferentiated depositsin  0-3 m Clay sand,silt, bog Too thm to tap for water.
Quatemary stream channels, marshes, iron and peat
estuartes and bays.
Pleistocene Cape May Formation 0-5m Clay,sandsilt and  Highly permeable,
gravel hydrologically connected to
underlying formations.
Bridgeton Formation 0-7 m Clayey, hydrologically connected to
feldspathic sang underlying formations.
Pliocene  Becon Hill Gravel 0-12 m Interbedded sand  hydrologically connected to
Tertiary and gravel underlying formations.

--- 7 ---  Cohansey Sand 8-70 m Coarse-grained Mzjor aquifer. Excellent
sand, silt, thin capacity to store and ability
beds of clay to yield water.

Miocene  Kirkwood Formation 30-200 m  Very fine to Major aquifer with confining
coarse-grained layers. Upper part of
sand, gravel and formation hydrologically
clay conntected to the Cohansey

Sand.

Eocene Manasquan Farmation 0-70 m Clayey, fine- Confining unit and minor
gramed aquifer,
glauconitic quartz
sand

SRR



Formation is usually coarser than that n the Kirkwood. The presence of feldspar, which
has a more rapid dissolution rate, makes the Kirkwood groundwater mere chemically
reactive. Cn the other hand, the finer grain size of the Kirkwood sand lowers groundwater
travelling time and yields a long residence time. Thus, a greater degree of water:rock
reactions in the Kirkwood Formation is expected.

The contact between the two stratigraphic umits i1s unconformable (Bascom et
al.1909; Minard and Owens, 1963). In well samples, Rhodehamel {1973) cbserved a
sharp boundary between the yellowish-orange colored oxidized Cohansey strata and the
light- to dark-gray Kirkwood strata and snggested a wide spread unconformuty between
them. A blocky iron-oxide zone was observed at a number of locations at the Cohansey-

Kirkwood contact {Rhodehamel, 1973).

Hydrolegy

Although the hydrologic features of the Kirkwood Formation in the Mullica River
basin are poorly understood, it is generally believed that the Cohansey and the upper
Kirkwood Formations are hydrologically connected to form a large Kirkwood-Cohansey
aquifer system. The aquifer system extends downward to a diatomaceous clay unit {a thick
clay bed which dips and thickens southeastward) that separates the upper Kirkwood from
the lower Kirkweod. The lower Kirkwood Formation is called the "Atlantic City 800-foot
sand", where it is tapped for drinking water by coastal cities.

According to the research of Rhodehamel (1973), the bydraulic conductivity u the

Cohansey Formation varied from under 30 cm/day in the clay layers to about 30 m/day



m the fine to medium sand. The hydraulic conductivity in the Kirkwood sand is less
known. A laboratory determination (Rhodehamel, 1973) gave a value of 72 em per day.
[n the study of Harbaugh and Tilley (1984), the simulated horizontal hydraulic
conductivity of the aquifer system is about 15 m/day in most part of the basin, about 10
m/day i the northeastem basin and about 5 m/day in the mid- to eastem part of the
basin.

The water table 1s about 30 meters above sea level in the northwestern part of the
Muilica Basin, 50 meters 1o the northeastern part, and at about sea level in the
southeastern of the basin, where the Mullica River drains into the ocean. The
potentiometnic surface elevation of the Kirkwood Formation is generally less than 30
meters in the north of the basin and reduces to about sea level at the southeast
(Rhodehamel, 1973). A detailed comparison between the water-table contour map of the
Cohansey Formation (Harbaugh and Tilley, 1984) and the potentiometni¢ surface elevation
map of the Kirkwood Formation (Rhodehamel, 1973} reveals that the potentiometric
surface 15 generally 5 meters below the water table. In the absence of major gradients,
there is little impetus for cross-formational flow from the Kirkwood to the overlying

Cohansey Formation.



CHAPTER 3

METHODS OF INVESTIGATION

Water sampies were collected monthly in the Wharton State Forest, New Jersey
(Figure 1), starting in May 1995 and ending in April 1996, Surface water samples were
coilected from the Batsto River, Oswego River, West Wading River and Mullica River
{Table 2). Groundwater sampies were collected from 10 campsite pumps in the Wharton
State Forest, 3 artestan wells, 2 pumphouses in the Park, 3 pumping wells from 2
cranberry farm northeast of the Park, and 4 household favcets without disinfectant or
water softener systems (Table 3). Depths of these wells range from 10 meters to 60
meters. Depths to water table are not generally known for these wells. The estimated
depth of the bottom of the Cohansey Formation in this study is 50 meters. Therefore,

most of the sampiing wells are in the Cohansey Formation.

Table 2. Locations of surface water sampling sites
|

Stream Location

Batsto Rt. 542 at the gauging station
Mullica Rt. 206 at the Atsion Lake
Wading Rt. 563 near the bridge
Oswego Rt. 679 at the gauging station



Table 3, Locations and parameters of the sampling wells

L

#  Well Location Longitude Latitude Depth
{m)
1  Atsion  Atsion Lake camp 74°43'47 56"  39%44'25.24" 33
2 Atsion2  Atsion Lake camp 74°43'47.56"  39%44'25.24% M *
3 Batonza  Batona camp M M 11
4 Bodine  Bodine Fieid artesian on 74°31'19.70"  39°39'45.08" M
Rt.679
5  BodineZ Bodine Field camp 74°31'19.79"  39°3945.08" 11
6 CLI Clowley's landing camp 74°3705.15*  39°373739" SO
7 CL2 Clowley's landing 74°37'05.15"  39°373739" M
pumphouse
8 CML Cockie Monster lane on Rt. 74°34'11,04"  399374540" 15
563
9 Egghar 1n a house on Rt. 563 74%32'47.52"  39°40'09.30" 8
10 GD1 Godfrey bndge camp 74°32'49.07"  39°41'21.52" 11
11 GD2 Godfrey bridge camp 74°32'57.70"  39%41'16.16" 11
12 GD3 Godfrey bridge camp 74°33'03.27"  39°41'17.88" 11
I3 Goshen Goshen Pond camp {Atsion M M 1]
Lake)
14 Hawkin Hawkins Bndge camp M M 38
15 JW Cranberry farm on Rt 563 M M 64
16 Lovers Lovers' Lane on Rt 542 74°35'00.58" 39°36'38.38" 12
17 0OS§ Cranberry farm on Rt. 563 M M 56
18 S1 an artesian well on Rt. 542 74"36'34.53"  39%37°30.53" 21
19 82 pumphouse in the Batsto 74°38'54. 91"  39%38'44.08" 60
village
20 Setter m 2 house on Rt. 563 74°34'37.10"  39°37'02.7)" 13
21 Super an artesian well in the Batsto  74°39'07.85"  39°38'3867" M
village
22 WT Cranberry farm on Rt. 563 M M 60

* Note: M - missing measurements.

10



All water samples were collected in polyethylene bottles which had been ¢leaned
with dilute perchlonic acid for 12 hours. The bottles were rinsed thoroughly with distilled,
deionized water and then rinsed with river water or groundwater before each filling.
Surface water samples were collected below the water surface to avoid the effect of
surface films. Groundwater was sampled after flushing the well for several volumes of the
well (about 5 minutes) to ensure the samples were from the aquifer, not from water stored
within the wells.

At each locality, two bottles of water were coilected after being filtered with 0.45
um Millipore™ filters. One bottle was acidified with 0.5 ml of Ultrex™ grade gitric acid
to prevent precipitation of solids. Water samples were stored in a refrigerator and
analyzed within days.

Eh, pH, temperature and alkalinity were measured in the field. pH was determined
using a Orion” Sure-flow™ combination electrode and Digi-Sense® digital pH/mv/ORP
meter. Eh was determined using a Coming redox combimation electrode on a Markson
model 93 digital pH/mv meter. Alkaliuty was determined using the Hech titration
package to pH 5.1 when alkalinity was less than 30 mi/l of CaCO,, and to pH 4.8 when
alkalinity reading exceeded 30 ml/l of CaCO,.

In the lab, major cations, Na‘, Mg®", Ca®, K', total Fe and Mn, and silica
concentrations in water were determined using a Perkin-Elmer Model 3030 Atomuc
Absorption flame Spectrophotometer. Dissolved aluminum was determined using the HGA
graphite furnace attached to this instrument.

Major anions (Cl', SO, NC,, PQ,” and F’) were determined in the unacidified

11



water sampies wsing a Dionex Model 14 fon Chromatograph (IC). The eluent solution
used for IC was four liters of NaBCO, - Na,CO, solution (prepared by dissolving 0.9
grams of NaHCO, and Na,CO, in 4 liters of double distilled water). The regenerant
solution for IC was dilute sulfunic acid (1 ml of concentrated sulfuric acig per liter of
double distilled water). Ci", SO,™ and F* were measured using a strip chart recorder with
0.2 volt scale; NO;” and PO, were determined under 20 mv scale. Since F concentrations
were 0 low in water samples that the water dip totally covered the fluoride peak, S0 pul
of NaHCO, ~ Na,CO, solution {concentration same as the eluent) was used for every 10
ml of samples to cancelled the water dip.

Dissalved Organic Carbon (DOC) were determined using a Dohrmann-Xertex [R
Carbon Analyzer. The eluent solution for DOC Analyzer was 20 grams of potassium
persulfate and | ml of concentrated H,PO, dissolved in one liter of double distilled water.
The 10 ppm carbon standard solution was made from potassium acid phthalate (KAP) by
dissolving 0.212 g of KAP in 100 mil water followed by 1:100 dilution. In total, 25
samples of surface water and 75 samples of groundwater were collected. Altogether 1700
analyses of water quality were done. Results are in Appendix Ii and [IL.

Discharge data of nivers in the study area were obtained from the U.S. Geological
Survey, Water Resources Division, Trenton, New Jersey. The geocherucal computer
program WATEQ4F2.0 {Bail & Nordstrom, 1991) was used to calculate concentrations

of various dissolved ions and saturation indices of different mnerals.

Experiments were done to determine the bound aluminum ratios (defined as the

equivalents of organically bound aluminum per unit organic matter divided by the

12



equvalents of RCOOH per unit organic matter). Sampies of humic muck were collected

from seven sites in the Wharton State Forest (Tabie 4).

Table 4. Sampling sites for humic muck
L

Name Location

Batsto from the streambed of the Batsto River at the Batsto visitors' center
on Rt 542

Batsto 2 from a swamp near the Batsto visitors' center

Mullica from a creekbed near the Muilica River at Batsto on Rt. 542

Wading from the streambed of the Wading River on Rt. 563

Oswego from the streambed of the Oswego River on Rt. 679

Bodine from a swamp near an artesian well at the Bodine field camp on Rt
679

Atsion from the lakebed of the Atsion Lake on Rt. 206

To extract organic matter from the muck, samples were screened with water to
pass through a 0.246 mm sieve (sieve #60). The residues were collected and were let
stand for several minutes for them to separate into different density layers. The top layer
was light-colored water with little suspended erganic matter, The middle layer was black
or brown {caused by the color of cedar trees) and nich in organic matter; the bottom layer
was gray fine sand. To obtain the organics from muck samples, the top two layers were
separated by decanting and filtrated through 0.25 mm filter paper. The separated organic
matter was air-dried and divided into two fractions which were saved for analyses of
organic aluminum and RCOOH. Organically bound zluminum was determined by

extraction of 1.00 gram of organic matter with S0 ml of 0.5 M CuCl, (Hargrove ef af,

13



1984), followed by AAS zmalysis. To determine the RCOOH groups, the organic matter
was treated with 2 M HCI acid for 24 hours to remove metallic cations and other soluble
norganic components, then rinsed repeatedly with deionized distilled water until no ClI
ion was left in the filtrate, and was again allowed to air dry. The RCOCH groups were
measured by titration of 1.00 g of HCl-treated organic matter in 100 ml 0.002 M CaCl,
with 0.1 N NaOH to pH 7 under Argon {Cronan e af, 1986). Titration was conducted
in a round-bottom flask with three arms. One amm contained 2 pH electrode, another the
buret tip, the third the Argon line. The sample was stirred during the titration using a
magnetic stir bar. Base was added after the reading ou the pH meter was stabilized

{approxamately at 1 ml per 7 minutes).
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CHAPTER 4
MAJOR ELEMENT CHEMISTRY OF GROUND AND SURFACE

WATER IN THE PINE BARRENS

This chapter presents the solute chemistry of major species. Trace elements will
be discussed in Chapters 5 and 6. Compositions of surface water and groundwater from
the two stratigraphic umts (the Cohansey and Kirkwood Formations) are discussed
separately and then compared. Analyses of surface water and groundwater compositions

are m Appendix H and Il

Cohansey Groundwater
Compositional Yariation

Although the Cohansey Sand is often considered to be a fairly miform coarse sand
with minor clay {ca 10%), Cohansey groundwater has vanable composition (Table 5).
Solute sources and chemical reactions are the two major factors affecting variation in
groundwater composition. More specifically, groundwater composition is controlled by
composition of precipitation (containing marine and continental aerosols and pollutiqu},
by weathering processes {water:rock reactions), and by biochemical reactions m soil
honzons.

Concentration of total dissolved solids (TDS) in the Cohansey Formation 1s as low

15



as 21.3 ppm, a value which 15 only slightly higher than the TDS composition in rivers in
the Pine Barrens (around 20 ppm}. The low TDS suggests that the amounts of chemical
weathering and mineral dissolution in the Cohansey Formation is very limited, due to the

mermess of quartz sand and the lack of weatherable minerals in the Cohansey Formation.

Table 5. Concentration ranges of major dissolved constituents in Cobansey groundwater
et ——

Constituents Minimum Maximum Median
pH 3.83 6.10 5.30
TOC (ppm) 1.53 11.6 438
Nz (ppm) 0.87 9.34 2.02
Ca* (ppm) 0.18 8.43 0.79
K* (ppm) 0.21 423 1.20
Mg™ (ppm) 0.05 2.66 0.55
Si0, {(ppm) .26 23.0 5.15
Cl" (ppm) 2.03 12.5 3.50
NO, {ppm) < 0.001 4.25 0.02
SO.” (ppm) 0.35 11.7 6.58
PO, {(ppm) < 0.004 0.04 0.01
F (ppm) < 0.01 0.55 0.07
Mn {(ppm) < 0.001 0.55 0.03

Precipitation carries marine aerosols, continental aerosols (so:l dust), biological
emissions and anthropogenic pollution in the Pine Barrens (Jones, 1994). Na'/Cl' o
rainwater is close to the ratio in seawater {Table &), indicating that Na' and CI"' m

rainwater come from marine aerosols. Other dissolved species in rainwater have much

16



higher ratios to Cl" than those in seawater {Table 6), which suggests those species come
mostly from soil dust, biological emission and air pollution.

Solute chemistry of Cohansey groundwater is mainly controlled by precipitation
since most major dissolved species, such as Na”, Mg**, K*, S0, and PO,”, have similar
ratios to Cl" in the groundwater as in the ramwater (Table 6). The Cl' is used as reference

because 1t does not usually participate in chemical reactions at these concentrations.

Table 6, Compositional comparison of Cohansey groundwater, rainwater in the Pine

Barren and the average sea water, expressed as weight ratios to (T
e

Items Cohansey Rainwater Seawater*
Groundwater {Jones, 1994)
Na'/CI’ 0.577 0.554 0.556
Mg*/Cl 0.157 0.152 0.067
K'CI 0343 0.393 0.021
Ca™/CI 0.226 0.107 0.024
SO /Cr 1.880 1.518 0.140
NO,/CI’ 0.0057 0.295 2E-7
PO /CI 0.003 < 0,001 5E-8
S10,/Cl" 1.47] 0.277 2E-5
TOC/CI 1.251 0.982 2E-S

¥ Source: Drever, 1988.

The Na'/Cl" ratio in Cohansey groundwater is very similar to that of seawater and
follows the marine aerosol trend (Figure 2). Therefore, the source of Na" and C1" appears
to be largely sea salt that is brought in by precipitation. Sample data plotted above the

marine aerosol trend line in Figure 2 contain excess Na* and may indicate a small amount
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Figure 2, Na' vs CI in Cohansey groundwater in the New Jersey Pine Barrens. Most
data fall along the marine aerosel trend, indicating that the source of Na* and Cl” is from
sez salt. Sample points that spread vertically above the marine aerosol tremd at Cl°
concentration about 3 ppre demonstrate a small amount of water;rock reactions in the
Cohansey Formation. Sample data are in Appendix IL.
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of water:rock tesctions in the Cohansey Formation. The amount of Na™ and €I from
manne aerosols usually shows geographic variations in precipitation and is uvsually
greatest near the coast (e.g. Bemer and Bemer, 1987} In the Pine Barrens, Na* and C)
concentrations in Cohansey groundwater are highest near the coast (Figures 3 and 4),
similar to concentration trends in precipitation (Yuretich er af., 1981; Jones, 1994).
Other major disselved species 1n Cohansey groundwater do not seem to be derived
from sea-salt aerosols. The ratios of these ions to CI' are much higher than those in
seawater {Table 6), suggesting other sources in precipitation contnbute more to
groundwater composition, Mg®* and X* in the groundwater are derived mainly from
continental aerosols and biogenic aerosols. K* is proved 1o be an important element emit
from plants in the study area (M. Mande), personal communication). Because this area 18
strongly affected by acid rain {(pH = 4.3, Jones, 1994), both SO*/CI" and NO,/CI" ratios
are high in rainwater in the Pine Barrens. SO,, NO and NO, gases, which are emitted to
the atmosphere during the combustion of fossil fuels {coal and o¢il), react with OH gas
radicals or dissolve wath H,G, m cloud dropiets and are rapidly converted to sulfuric acid
or nitric ac1d (Berner and Berner, 1987). Since both sulfuric acid and nitric acid are strong

acids, they dissociate quickly in rainm water to form SO, NO,” and H":
SO, + OH — . . . —» HS0, (sulfuric acid) —» SO + 2H'

SO, + H,0, - H,S0, (sulfuric acid) — SO, + 2H"

NO, + OH — HNO, (nitric acid) = NO, + H"
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Figure 3. Na' geographic distibution in Cohansey Groundwater in the New Jersey Pine
Barrens. Na* concentration increases from the west to the east toward the Atlantic Ocean.
It confinns that the source of Na* is marine aerosols. The variation in data is caused by
spatial vanation of Cohansey groundwater. See Figure 5.
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Figure 4. Geographic distribution of (1" in Cohansey Groundwater in the New Jersey
Pine Barrens. See Figure 3.

21



50,% in precipitation bas remained in groundwater as shown by the similar SO,*/CI ratio
between groundwater and rain, bowever, much of the NO, wm rain 15 removed by
biological activities in soi1) (denitrification processes) so that groundwater has a low NO,’
{CI" ratio. Like the acid stream waters in the study area {average pH = 4.5), the low pH
of groundwater (pH = 5.3, Table 5) also results from anthropogenic acid rain pollution
(average pH = 4.3, Jones, 1994).

Ratios of Ca®**/Cl", Si0,/Cl" and TOC/CI" in Cobansey groundwater are higher than
1a precipitation, indicating that other inputs besides precipitation also play an important
part. Dissolved silica (S10,} is from water:rock reactions, in which quartz reacts with acid
groundwater releasing Si0, into groundwater. Ca®*/Cl" in groundwater is about twice the
amount of the ratio in precipitation. Besides precipitation, Ca** could come from ion
exchange or dissolution of calcite in the clay layers. However, there is little to no calcite
in the Cobansey Formation. Ca™ could be from soil horizons, TOC concentrations in the
groundwater are not unusually high (Table 5). Groundwater typically has TOC
concentrations between zero and 20 ppm. TOC comes mostly from ramn, organic-rich

upper soils and carbonaceous confining layers.

Temporal Vanation

Temporal variation may zlso add to the vanation mm groundwater composition.
However, water sampled from individual wells wathin the Cohansey Formation shows
Iittle seasonal variation (Figures 5 and 6). For example, given an analytical uncertainty

of £ 0.] ppm for Na™ and K*, groundwater composition was fairly stable duning the one
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Figure 5. Temporal and spatial variations of Na' in Cohansey growndwater in the New
Jersey Pine Barrens, Na”™ concentrations show little seasonal variation from May 1995 to
Apnl 1996, However, spatial variation in groundwater composition is distinctive.
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Figure 6. Tempornl and spatial vacations of K in Cohansey groundwater in the New
Jersey Pine Barrens. See also Figure 5.
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year sampling period. In contrast, surface water in the same area showed seasonal
vanation (Jones, 1994). Groundwater generally bas residence time greater than one year
so that seasonal change was not observed. However, Na" showed a jump in concentration
m Apnl, 1996 (Figure 5). The high Na concentrations might have beeu caused by the use
of a new standard solution n analyses or might be an indication of road salt pollution in
the study area since a considerable amount of road salt was used in the past severe winter

and most of the sampling sites are close to highways.

Spatial Varniation

In additional to general compositional gradients (Figures 2, 3 and 4), highly
localized variations within Cohansey groundwater are also observed {Figures 5 and 6).
Concentrations of Na* and K* are quite different in seven wells that spread over the study
area, Three wells (GD1, GD2 and GD3, refer to Figure 1 and Table 3 for location) which
are very close to one another (less than 20 meters separate the wells) and have the same
depth (ca. 10 meters) show distinctly different water compositions. The clay confining
layers within the Cohansey Formation, which have low permeability, restrict vertical
mixing of groundwater and contribute to the heterogeneity of Cohansey groundwater.
However, the presence of clay layers in the Cohansey Formation does not render much
influence to its water chemistry, as shown by the low jon contents m Cohansey
groundwater. Since Cohansey sand is coarse, and thus quite permeable, groundwater does
not have really long residence time in the Cobansey Formation for waterrock reactions.

In conclusion, Cohansey groundwater is acid water with low TDS in a sand
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aquifer. Its composition is controlled mostly by precipitation, among which manne and
continental aerosols and acid rain pollution are most mmportant because the New Jersey
Pine Barrens s near the ocean and close to the major metropolitan areas (source of acid-

rain pollution) of the east coast.

Kirkwood Groundwater

Kirkwood groundwater, compared with Cohansey groundwater, i1s sigoificantly
different in composition (Table 7). Because there are not enough deep wells in the study
area, data from several USGS wells in and around the Wharton State Park are also
employed for the comparison (Table 7). USGS well parameters are listed in Table 8.

Although there are differences between data obtamned from wells in the Wharton
State Forest and that from USGS wells, indicating compositional vanation within the
Kirkwood, coucentrations of major dissolved species differ greatly from those of
Cohansey groundwater. For mstance, the concentration of total dissolved solids, which
averages about 200 ppm, is ten times that of Cohansey groundwater. Since the Kirkwood
Formation is about 40 to 70 meters below surface, surface sources and biochemical
reactions are no longer most moportant as they seem to be in the Cohansey. Instead,
water:tock reactions are more significant. The Kirkwood Formation kas & higher portion
of more weatherable minerals, such as feldspar and clay minerals. These components
provide sources for water:rock reactions and contribute to the high pH, high 1on and TOC
concentrations in Kirkwood groundwater. Take the following possible water:rock reaction

as an example:
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Table 7. Average composition of groundwater from the Kirkwood Formation (USGS data

included)
Items This Study (5/95-4/96) USGS Well Data
pH 8.28 6.50
TOC . 8.63 N/AT
Na’ 63.7 25.0
Ca* 6.77 5.35
K* 5.10 3.80
Mg® 2.68 0.75
Si0, 5.05 15.0
cr 1.51 2.00
NO; 0.01 N/A
S0* 14.8 775
PO, 0.06 N/A
F 0.59 0.33
HCO, 103.4 98.0
Mn 0.01 0.02

Note: N/A - not analyzed

Table 8. USGS Kirkwaod well parameters
e —

Longitude Latitude Date Data Recorded Depth (meters)
74°46'04" 39°40'41" 09/81, 08/84, 09/91, 09/87 30

74°40°31" 39%48'12" 09/83, 09/90, 09/94 43

74°35'42¢ 39°45'36" 08/84, 09/91 51

74°39°58" 39°40°38" 09/59, 11/63, 07/64 60

74°52°08" 39°40'46" 08/61 &1

74°51'57" 39°41'00" 02/64, 04/6% 100
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2KAISH,0, + 2H' + 9H,0 = ALSi,0,(0H), + 2K’ + 4H,8i0,

K-feldspar kaolinite dissolved silica

Duning the dissolution of K-feldspar, dissolved K’ and disselved silica enter the
groundwater to raise the TDS8 concentration. Hydrogen 1on 1s consumed which raises the
groundwater pH value. Reactions between plagioclase and water release Na® and Ca™
ions. The Ca** can also be obtained from dissolution of calcite. The HCO, is mainly from
silicate and calcite weathering. The Mg®* may come from biotite or glauconite weathenng.
The SO.” and F' come from sulfuric and fluonte-beanng minerals in minor quantities,
However, Cl° concentration in Kirkwood groundwater 1s very low, averaging 1.5 ppm,
even lower than that in Cohansey groundwater (average 3.5 ppm). Since there are ne Cl°
minerals in the Kirkwood Formation, Cl” retains its onginal concentration from its source.
The low CI" concentration indicates an iniand source of CI, which way be at the place
where the Kirkwood Formation ¢rops out approximately 30 km northwest of the Wharton
State Forest. Kirkwood groundwater apparently has travelled a great distance and a long
time from its origin. This kind of groundwater flow is cailed regional flow.

Little seasonal variation of Kirkwood water composition was observed. Even larger
degrees of heterogeneity of Kirkweod water may be expected since the Kirkwood sand
is much less permeable than the overlying Cohansey sand (Chapter 2). Overall, Kirkwood
groundwater is slightly alkaline, and its chemical composition is controlled largely by
water;rock reactions because Kirkwood groundwater is controlled by regional flows that

have long residence time.
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Surface Water

Surface water chemistry in the Pine barrens was previously studied by Kelsey and
Kinsman (1971}, Yuretich er @/ {1981) and Jones {1994). Results from these studies
(Table 9) are not strictly comparabie because of different sampling locations, sampling
time pertods and analytical techniques used. Also, concentrations are affected by river
discharge. For example, concentrations of Na" and K" increase with discharge (Please
refer to 2 later explanation on Figures 9 and 10.). Data in Table 9 have not been corvected
for differences in discharge. Nevertheiess, the major element compositions do not duffer
very much between these studies. The stable surface water composition may mdicate that
the surface geo-, bio- and hydro- systems in the Pine Barrens did not change much duning
the past twenty-five years.

Jones (1994} found that Na* and CI' in stream water came mostly from marine
aerosols and pollution. This conclusion s confirmed w this study (Figure 7). Unlike
groundwater, seasonal vanation is very distinctive in the Pine Barrens' surface water
(Figure 8). Most species show lower concentrations in the summer, and higher
concentrations in the fall and winter. This difference is associated with the amount of

precipitation and consequent nmoff in the study area.
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Table 9. Comparison of average stream water compositions in several studies in the New

Jersey Pine Barrens
T e —

Species Kelsey and Yuretich ef af.  Jones (1994)  This study
Kinsman (1971}  (1981) (1995-1996)
Na’ (ppm)  3.30 2.73 2.5 2.30
Ca" (ppm) 080 1.05 0.94 107
K* (ppm) 0.60 0.63 1.45 0.85
Mg® (ppm) 0.70 0.57 0.57 0.63
SiQ, (ppm)  5.00 432 2,75 3.06
C!’ (ppm) 6.50 472 455 5.08
NO, (ppm} N/A® N/A 0.11 0.02
SQ.” (ppm) N/A 6.36 6.73 6.33
PO {(ppm) N/A 0.04 0.0} 0.01
DOC (ppm) N/A N/A 3.36 6.79
TDS (ppm) N/A 20.4 23.9 20.0
pH 4.50 4.51 397 4.52

D T T T i a a—
Note: N/A - pot analyzed.

Before November 1995, when the discharge of the Batste River was less than 2.7
meter’ (100 cubic feet) per second, the concentrations of major dissolved species varied
positively with discharge (Figure 8). In the examples of Na” and K* in the Batsto and the
Mullica Rivers (Figures 9 and 10}, ion concentrations are in linear reiationship wath
discharge. When discharge 1s linearly and positively correlated with ion concentrations
i stream water, it indicates that solutes in streams come from precipitation or from nuoff
(soil imflow) or both. Runoff, whick does not seem important to the chemmstry of
Cohansey groundwater, is significant in the compostton of rivers. In each precipitation
event, most of water entering soil 2one will flow laterally through the organic-rnch root
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Na® (ppm)

CI' (ppm)

Figure 7. Na'vs. Q' in surface water in the New Jersey Pine Barrens. Most data fali on
the marine aerosol trend, which indicates the source of Na* and C1” 1s maicly from marine
aerosols through precipitation. Some data which fall below the trend suggest human
pollution (salt or HCI gas) adding excessive Cl' in water,
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Figure 8. Seasonal variation of major element concentrations in the Batsto River in the
New Jersey Pine Bamens. Major element concentrations were lower during May to
Ccetober and higher from October to February. Major element concentrations increase with
increasing discharge at discharge less than 100 cubic feet per second (27 m*/second}.
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Figure 9. Na’ concentmtons vs. discharge in the Batsto and Mullica Rivers in the New

Jersey Pine Barrens. Na' increases with increasing discharge at discharge less than 100
ft'/second (2.7 m’/sec).
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Figure 10. K concentrations vs. discharge in the Batsto and Mullica Rivers in the New

Jersey Pine Barrens. K* also show positive correlation with discharge at discharge less
than 100 ft'/second (2.7 m’/sec).
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zone to supply streams rather than percolate vertically to groundwater table. Honzontal
permeabrity 1s usually assumed to be ten times that of vertical permeability in computer
modelling {Osgood, 1995). Thus, species that are abundant in runoff will show a
difference in chemical composition between river water and Cohansey groundwater. The
differences will be discussed later in this chapter.

When discharge increased rapidly i the winter months, water moved so rapidly
through the system that major species were diluted by rainfall and snowfall. However, it
is not very reasonable for those species, such as Na™ and €I, which were previously
confirmed as coming primarily from precipitation, to be diluted by precipitation itself.
Actually, precipitaticn contains very low amounts of ions. For example, Na* averages only
about 0.62 ppm (Jones, 1994). Dry deposition and the process of evaporation add to ion
concentrations in niver water. Since the low temperature is generally below 0°C during the
winter in the Pine Barveus, evaporation can not be as efficient because of the low
temperature.

It is worthwhile to point out that only H' (expressed using pH, Figure 11) and Al
{(Figure 23 in Chapter 6} show no dilution by discharge at extremely high discharge
periods. The positive correlations between ion concentrations and discharge indicate very
abundant sources for H ion and Al ion in precipitation and/or in runoff in the winter. In
the Pine Barrens, the acid rain is worst in winter (pH arcund 3.6, Jones, 1994) because
more fossil fuels have been used for heating. Much higher SO,* concentration (Figure 8)
in the winter (about 10 ppm) than in the summer (2-3 ppm} also demonstrates that

precipitation is much more acid n winter.

35



58
® Batsto

® A Mullica

56

50 r

pH

48

Mullica
46

4‘2 " ' p—1 y . 'l L 'l 3 'l 3 A L 1 A A 3 A k| i A A
0 20 40 60 B8C 100 120 1140 160 180

Discharge (ft*/sec)

Figure 11. pH vs discharge in the Batsto and Mullica Rivers in the New Jersey Pine
Barrens. pH decreases with increasing discharge throughout the sampling period,
indicating the acidity of stream water comes from acid precipitation and organic acids
from soil. That there is po dilution effect for pH at high discharge suggests abundant
source of H” at high discharge.
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Chemical Comparison Between Surface Water and Groundwater
Based on previous accounts, the similarities and differences in water chemistry
between surface water and groundwater in the Pine Barrens may already be seen. A more

detailed source- and process-oniented companson below yields some interesting results.

Surface Water and Cohansey Groundwater

It is generally beheved that Cohansey groundwater serves as base flow for rivers
in the study area. Differences in composition between river water and Cohansey
groundwater are expected since surface water is highly influenced by discharge, as
previously shown However, for the concentrations of most major species, stream water
does not differ much from Cohansey groundwater {(Table 10). The close resemblance
suggests they have similar geochemical sources (e.g. manne aerosols, Figures 2 and 7)
and chemical reactions in the study area. As previously concluded, the chemustry of
Cohansey groundwater is actually dominated by precipitation. Similarly, the water
chemistry of streams i the Pine Barrens is also controlled by precipitation. Chemical
reacticns ir sand and soil are minor in coptnibuting to both ground and surface water
chemistry. On the other hand, the similarity in water composition may indicate extensive

recharge between rivers and groundwater.
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Table 10. Comparison of average compositions of stream water and groundwater from

the Cohansey and the Kirkwood Formations in the Pine Barrens
P —

Items Stream Water Cohansey Groundwater Kirkwood Groundwater
pH 452 5.30 8.28
TOC (ppm)  6.79 4.38 8.63
Na" (ppm) 2.30 202 63.7
Ca*™ (ppm) 1.07 0.79 6.77
K* (ppm) 0.85 1.20 5.10
Mg** (ppm)  0.63 0.55 2.68
Si0, (ppm) 3.06 5.15 5.05
CI’" (ppm) 508 3.50 1.51
NO, (ppm) 0.02 0.02 0.01
SO (ppm)}  6.33 6.58 14.8
PO (ppm}  0.01 0.01 0.06
F* (ppm) 0.06 0.07 0.59
HCO, (ppm) 0.00 1.10 103.4
Mn {ppm) 0.03 0.03 0.01
Al {(ppb) 205.1 202 10.15
Fe {ppm) 0.38 0.73 | 0.09

oo peee
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Discrepancies in composition between surface water and Cohansey groundwater
do exist. Besides precipitation, surface water chemistry can be modified by runoff which
includes reactions in soil. However, for Cohansey groundwater, reactions in soil are not
very significant since the water table is generally below soil zone and only a small
amount of soil water percolates down to the groundwater table. Species that are abundant
in runoff will show higher concentrations in stream water than in groundwater. Similarly,
composition of groundwater can be altered when there are reactions between water and
porous media. Although water.:rock reaction are munor in the Cohansey Formation, some
do occur {see Figure 2). lons that are strongly influenced by water:rock reactions in
groundwater will be diluted by nver water as groundwater meets the surface.

pH in stream is lower than pH in Cohansey groundwater {Tabie 10). The higher
concentration of hydrogen ion in stream is caused by organic acids infiitrated from soil.
Water:rock reactions in the Cohansey sand also somewhat neutralize the low pH in its
groundwater, Similarly, soil organic matter contributes to an extra amount of TOC in river
waters. Also, high aluminum concentration i stream is caused by dissolution reactions
in soi) horizons. Since the Cohansey sand is very inert and is mostly quartz, the only
prominent result of water:rock reaction is silica dissolution. Dissolved silica is lower in
stream than in Cohansey groundwater because silica comes solely from water:rock

reaction and is diluted by precipitation in rivers.
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Cohansey Groundwater and Kirkwood Groundwater

Groundwater from the two formations differs considerably in major element
concentrations. The difference 1s caused by differences in their sources, geochemical
reactions and groxmdwater flow systems. The great differences in water chemistry suggest
little cross-formational flow between the two formations. In other words, verticzal flow is
minor between the two formations. The clay confining layers and iron beds between the
two units may restrict cross-formational flow.

Unlike Cohansey groundwater, whose compaosition is mainly controlled by its
source (precipitation), the composition of Kirkwood groundwater, which has a much
longer restdence time, has been greatly aitered from its original composition source. The
composition of Kirkwood groundwater ts almost totally modified by water:rock reactions
with sand and ¢lay. For Na” and C) (Figure 12), Cohansey groundwater follows the
marine aerosol trend, whereas Na’ m Kirkwood groundwater follows the trend of
water:rock reactions. In Kirkwood groundwater, Na* concentrations vary from below 5
ppr to about 70 ppm indicating that the amount of water:rock reachions varies within the
formaticn. The stable and low Cl° concentrations in Kirkwood groundwater, even much
{ower than those in Cohansey groundwater, suggest that Cl” in Kirkwood groundwater
does not come from water:rock reachions. There are no minerals that can produce CI in
the Kirkwood Formation. In fact, Cl" 1s the only major species whese concentration 1s not
modified by water:rock reactions, and thus can indicate the sowrce of Kirkwood
groundwater. Assuming that all C1 in Kirkwood groundwater (average 1.5 ppm) is

originally from precipitation, its source can be inferred to be much more in)and, according
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Eigure 12. A source- and process- oniented comparison of groundwater from the
Cohansey and Kirkwood Formations in the New Jersey Pine Barrens. Na™ and C) in
Cohansey groundwater are derived from marine aerosols through precipitation. Na* in
Kirkwaood groundwater 1s controlled by water:rock reactions; the low CI° concentration
indicates that Kirkwood groundwater comes from more mnland.
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to the concentration gradient w Figure 4. Therefore, Kirkwood groundwater has traveled
a great distance and a long time in the sand aquifer. The Kirkwood Formation crops out
about 30 km northwest of the Wharton State Forest. The Cl” concentration in river water
in Homerstown, NJ, where the Kirkwood sand is exposed, is about 2 ppm {]. Betts,
personal communication).

Regional flow dominates Kirkwood groundwater flow (Figure 13). Regional flow
that has residence time as long as several hundred thousand or even million years is the
major condition ensuring waterirock reactions that result in high TDS content
Kirkwood groundwater. In contrast, the flow system in the Cohansey Formation 1s
dominated by local flows (Figure 13} because only local groundwater mixing can preserve
the marine aerosol trend and gecgraphic distnbution that were observed in Cohansey
groundwater (Figures 2, 3 and -4). Manne aerosols, which come from the ocean,
precipitate with rain, mix with groundwater and then are redistributed within the aquifer.
If the redistribution of the cyclic sea salt followed the regional flow system, then regional
flows would move waters hundreds of miles away from their onigins and modify their
compaosition by retaining waters in a senies of chemical reactions for thousands or even
millions of years. Local groundwater flows have much shorter residence time than do the
regional flows so that water:rock reactions in the Cohansey are much less prominent than
in the Kirkwood. Despite the similarity in mineral contents between the two formations
(The only difference is in feldspar; Chapter 2.), different flow systems give different
residence time and thus resuit in very different degrees of water;rock reactions in the two

formations.
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Figure 13. A schematic diagram of flow systems iy the New Jersey Pine Barreus
(modified after Rhodehamel, 1973). Local flow systemn dominates the Cohansey
Formation. Regional flow system dominates the Kitkwood Formation,
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Phase Stability Diagram

Despite the different residence time alluded to above, water in both formations is
near saturation with quartz (Figures 14 and 15), the most prevalent mineral in the Pine
Barrens. Dissolved silica is the only spectes that has similar concentration in both
formations (Table 10). In the stability diagrams (Figures 14 and 15), data for groundwater
from both formations cluster around the quartz saturation ime. However, surface water is
undersaturated with respect to quartz and lies to the left of the quartz saturation line.

In the N2,0-AL,0,-8i10,-H,0 system {Figure 14), surface water equilibrates with
gibbsite and kaohnite, Cohansey groundwater is mostly in the kaolinite field, with a small
number of data points in the gibbsite field Kirkwood groundwater is exclusively in the
upper kaolinite field. (ay,./ay,) of Kirkwoad groundwater is about six orders of magnitude
higher than that in river and Cohansey groundwater. The stability diagram shows the
degree of water:rock reactions. Theoretically, a possible path of solute composition as
albite or analcite reacts with water is from gibbsite field to kaolinite to Na-beidellite and
to analcite or albite. The values of @,/dy, from the Pine Barrens indicate very little
water:rock reactions in surface water, only a little in Cohansey groundwater, and a greater
amount in Kirkwood groundwater since the data points are much closer to the field of Na-
beidellite. Water chemistry of Kirkwood groundwater water will proceed further along the
path of water:rock reactions given more time.

In the K,0-Al,0,-Si0,-H,0 system (Figure 15), different degrees of water:rock
reactions are more obvious. The possible path of solution compesition as K-feldspar reacts

with water is from gibbsite field to kaolinite to muscovite and to K-feldspar. The possible
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Figure 14. Pine Bamvens’ water data in phase diagram in system Na,0-Al,0,-Si0,-H,0.
Surface water and Cohansey groundwater data fall in the gibbsite and kaolinite fields,
showing httle to only slight amount of water:rock reactions. Kirkwood groundwater daia
plot bigh above n the kaolinite field, indicating a greater degree of water:rock reactions
and groundwater evolution. The composition of Kirkwood groundwater would ultimately
evolve to albite field.
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Figure 15, Pine Barrens' water data in phase diagram in system of K,0-Al,0,-Si0,-H,0.
Surface water has little water:rock reactions. Cohansey groundwater shows only 2 small
amount of water:rock reactions. Kirkwood groundwater equilibrates with muscovite ot
illite, showing a much higher degree of water:rock reactions.
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reactions of K-feldspar reacting with water are:

(1). KAISi;O4(K-feldspar) + 8H,0 = AI{OH), (gibbsite) + K+ OH" + 3H,Si0, (silica)

(2). 2KAIS1,O(K-feldspar) + 4Al(OH), (gibbsite) + H,O = 3A1,8i,0,(0H), (kaolinite) +
2K" + 20K’

(3). KAISI,O4(K+feldspar) + Al,Si,0{0OH), {kaolinite} + 3H,0 = KAL8i,0,,(0H),

{muscovite) + 2H,S10, (silica)

(4). 3KAIS1,04(K-feldspar) + 14H,0 = KAI,S81,0,,(CH), {muscovite) + 2K™ + 20H" +

6H,Si0, (silica)

Surface and Cohansey groundwater are in equiiboum with gibbsite or kaolinite phases.
Kirkwood groundwater is in equilibrium with muscovite, the phase that has a much higher
degree of water:rock reaction, Since K-feldspar, not muscovite, is the abundant mineral
in the Kirkwood Formation, more water:rock reaction is expected until the water
composition reaches the muscovite - K-feldspar boundary when K;rkwood groundwater

would be in equilibrium with K-feldspar and its water chemustry would be stabilized.
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CHAPTER 5

ORIGIN OF BOG IRON IN THE PINE BARRENS

Bog-iron deposits in the New Jersey Pine Barrens were a major source of iron in
colonial America for more than a century, from the early 16th to the mid- 17th century,
until the discovery of magnetite ores in Pennsylvania and northern New Jersey.
Geographically, Batsto Village in the Mullica River Basin was the center of the bog-tron
industry m the Pine Barrens.

Iron deposits in the Pine Barrens are found in varions formations. In the Cohansey
and Kirkwood Formations, the bag iron is scattered within the sand aquifers and the river
banks as massive Fe-oxides (limonite) admixing in and cementing quartz gravel, sands,
and silts. Goethite is the only X-ray identifiable iron muneral (Crerar et al., 1979). One
interesting aspect for those bog-iron deposits on the nver beds was that the ore could
regencrate in about 20 years once it was wmined (Starkey, 1962). In the underlying
formations, Fe occurs abundantly throughout several formations (Homerstown sand,
Navesink Formation, Marshalltown Formation and Merchantville Formation) as glauconite
in the sands and glauconitic clays. Siderte, pynte and vivianite were also described

{Braddock-Rogers, 1930; Starkey, 1962).

Ferric Iron Equilibxia

Total calculated ferric iron {EFe(III), defined as Fe_’* + Fe(OH)* + Fe(OH)," +
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Fe(OH),” + Fe(OH),") in river water and groundwater from the Cohansey and Kirkwood
Formations 1s hughly supersaturated with respect to géethite and hematite, and roughly at
saturation with amorphous Fe{OH), (Figure 16). Values in Figure 16 are maximal because
dissolved organ:c-iron complexes in water were neglected in the calculation of total ferric
iron. As indicated by Means et al. (1977), up to 60 - 70% of the dissolved Fe present in
the Pine Barrens was associated with organics dunng the summer months, whereas during
the winter, the association decreased to 5 - 10%. Assunung that 70% of the total Fe is in
forms of various organic iron, the tatal fernc iron calculated in Figure 16 would decrease
only about 0.5 on the logXFe(lll) axis. Iron would still be generally at saturation with
amorphous Fe( OH),, which suggests that amorphous Fe(OH), is controlling iron solubility
in water. However, the dilemma 15 that miners found that the bog iron grew faster in the
summer, when the waters might be mere undersaturated (or less supersaturated) with
amorphous Fe(OH),, than m the winter months, when the waters were at saturation or
oversaturated wath amorphous Fe(OH),. The iron equlbibna were not encugh to give a
satisfactory explanation on Fe precipitation. On the other hand, kinetic forces play am
important tole. There was evidence showing that bactenal catalysis may affect the rate
of iron precipitation in bog iron (Dake, 1916, Harder 1919; Deul, 1942, Perfil'ev ef af,,
1965). This effect was coufirmed by the study of Crerar ef ol (1979) and Jones {1994)

in the Pine Barrens.

Iron Source in the Bog lron Deposits

Why these rich bog iron deposits occur in the tnert quartz sand is still an unsolved
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Figure 16. Total ferric iron concentratien vs. pH in suface water and groundwater in the
New Jersey Pme Barrens. Also shown are solubility lines of hematite, gdethite and
amorphous Fe(OH), Data indicate that ferric iron is supersaturated with goethite and
bematite. Iron activity 1s controlled by saturation with amorphous Fe{QH),. Calculations
were done using WATEQ4F {Ball and Nordstrom, 1991).



question. The classic model, as reviewed recently by Crerar ef af. (1979), was that iron
in the Cohansey and Kirkwood bog irons was transposted in groundwater from the
underlying iron-rich glauconitic formations, and that Fe(OH), was precipitated from the
groundwater as it became progressively supersaturated with decreasing depth when it
eventually entered oxidizing surface environments.

The classic model assumed that there was abundant cross-formational flow from
the wnderlying Kirkwood Formation to the Cohansey Formation. However, as this study
revealed in Chapter 2, the potentiometric surface in the Kirkwood Formation is actually
lower than the free water table 1o the Cohansey Fermation, making it impossible for water
from a deeper aquifer to come to the surface on a large scale. The differences in solvent
water chemistry between the two formations, as well as within the Cohansey Formation,
also suggest that there is very little vertical flow between the two formations {Chapter 4}.

The other assumption in the classic model was that the iron concentrahons
wcreased with increasing depth. However, in both Crerar ef af. (1979} and this study
(Figure 17} there 13 no obvious relationship between dissolved Fe conceatrations and
depth, This study finds that iron concentration in the Kirkwood Formation 15 actually less
than in the Cohansey because pH value is as high as 8 in Kirkwood groundwater and iron
minerals are least soluble at pH around 8. Degrees of supersaturation/undersaturation with
respect to amorphous Fe{OH}), 1s very similar in Cchansey and Kirkwood groundwater
(Figure 18).

Stream water and the Cohansey groundwater (from intermmttent weils) have very

similar total iron concentrations (around 0.3 ppm} (Figure 19). Groundwater from the
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Figure 17. Total dissolved iron vs. depth in groundwater in the New Jersey Pine Barrens.

Total iron concentration does not show an increase with depth. On the contrary, wells that

have high iron concentrations are all in the Cohansey Formation. Kirkwood groundwater
s have low iron concentrations because of its high pH.
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Figure 18. Saturation index vs. depth for amorphous Fe(OH), in groundwater in the New
Jersey Pine Barrens. Data indicate litile relation between degrees of
supersaturation/undersaturation and depth.
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Figure 19. Distiibution of total dissolved iron concentrations in river water, Cobansey
groundwater {from intermuttent wells), Kirkwood groundwater and water from artesian
weils 1 the Cobansey Formation in the New Jersey Pine Barrems Data indicate that
artesian groundwater has the highest Fe concentration {(mezn = 2.1 ppm) and Kirkwood
groundwater has the lowest Fe concentraton {mean = 009 ppm). River water and
Cohansey groundwater (from intermittent wells) have similar Fe levels (mean = 0.3 ppm).
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deeper Kirkwood Formation has lower concentratiens of total iron, averaging around 0.09
ppm. This is significant since it eliminates the possibility of an iren source from a deeper
aquifer. On the other hand, it 1s very surposing to find that water from all the artestan
wells in the Cohansey Formation has the highest iron concentrations, averaging around
2.1 ppm, Since the artesian wells are associated wath local coufining layers, and the silty
and c¢layey confining layers were observed to be rich in organic matter (Rhodehamel,
1973), it is more likely that the confining 1ayers, which may have high Fe concentration,
are the iron source of the bog tron in the sand aquifers and the streambeds. It appears that
the glauconite deposits in the underlymng formations are not associated with bog-iron

deposits in the Cohansey and the Kirkwood Formations.
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CHAPTER 6

ALUMINUM GEOCHEMISTRY IN THE PINE BARRENS

Aluminum Concentrations and Toxicity in Natural Waters

Aluminum, which constitutes 8% of the earth's crust, is the most abundant metallic
type element and the third most abundant element. However, aluminum is by no means
a major component in most natural waters. Stream water and groundwater contain about
50 ppb of total dissolved Al. Seawater and rain water have only about 1 ~ 2 ppb (Bemer
and Bemer, 1987).

The Al in natural waters has recetved increasing attention because Al concentration
increases rapidly in acid waters and causes fish and plants to die. It has been observed
that Al is toxic to fish and plants when the total dissoived Al is between 1~ 10 uM (about
30 ~ 300 ppb) and at solutton pH value between 4 to 5.5 (Baker and Schofield, 1982,
Parker ef af., 1989; Cleveland er af, 1991; Delonay ef af, 1993). However, numerous
surface waters and groundwater are in the aforementioned ranges. Dissolved Al data from
surface water and groundwater from the New Jersey Pine Barrens (Table 11 and Figure
20} may indicate the senousness of the problem. Forty one percent of the data fall mto
the toxic Al znd pH ranges, and most of those in the toxic ranges are stream waters. The
toxic aluminum in surface waters poses a direct threat to fishes and water plants.
Furthermore, different Al compounds have different toxicity. For instance, it is known that

Al complexed with citric acid, fluoride and orgamics i matural water samples is less
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Figure 20. Total dissolved Aluminum vs. pH in the Pine Barren waters. When water bas
total dissolved aluminnm between 30 and 300 ppb and pH between 4 to 5.5, the water is
toxic to fishes and water plants. Forty-one percent of the Pine Barrens data, most of
which are from the streams, fall inte the toxic ranges, shown by the dashed line box
above.
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toxic than uncomplexed Al (i.e. AF”") (Dobbs et al., 1989). It is generally known that

worgam¢ aluminum forms are more toxic than organic aluminum forms.

Table 11. Dissolved aluminum concentrations in the Pine Barrens (in ppbs)

Minimum Maximum Median
Stream water 24.9 676.6 2051
Cohansey water 1.4 529.8 20.2
Kirkwood water 25 13.0 9.3

O —

Solubility Controls on Aluminum

It is important to know what processes control the aluminum solubility 1 natural
waters because of the toxicity of uncomplexed Al*". First, why is high Al concentration
associated with acid water? The atmospheri¢ input of sulfuric and nitric acids is believed
to contribute to the acidification of waters in the New Jersey Pine Barrens. Waters
receiving acid rain (pH approximately 4.3, as reported by Jones, 1994) tend to peutralize
the added hydrogen ion by releasing basic cations (Na®, K', Mg™, Ca®™) or retaining
acidic antons through ion exchange, adsomption and/or weathering reactions. However,
the inert nature of quartz sands and the lack of weatherable minerals in soil of the Pine
Barrens give its waters and soil low acid neutralizating capacity (ANC). Under these
circumstances, acid neutralization is largely due to dissolution of potentially toxic Al
{Driscoll and Newton, 1985; Mulder ef af., 1987, 1989). By comparison with groundwater,
surf;ce water in the Pipe Barrens has much higher aluminum concentrations (Tabie 11)

because surface water is more acidic (Table 10 in Chapter 4).
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Concentrations of dissolved Al in natural waters are usually consistent with the
solubility of gibbsite and kaolinite, the two most common aluminum minerals in soil.
Since the concentrations of dissolved silica in the Pine Barrens are about 3 to 5 ppm, the
solubility lines of gibbsite and kaolinite are very close to each other (Drever, 1988).
Previous work by Crerar ef af, (1981) concluded that aluminum ¢oncentrations in surface
and groundwater in the Pine Barrens were controlled by the solubility of gibbsite and
kaolinite. However, this study (combined with that of Jones, 1994) showed that not all
of the data fall along the gibbsite saturation line, demonstrated by a -3 slope in Figure 21.
Actually, the data form two near-linear trends which mtersect at a pH of about 4.8 (Figure
21). At pH > 4.8, activity of aluminum in water {mostly groundwater) is consistent with
gibbsite equilibnum (pK = 8.77). At pH < 4.8, activity 'of aluminum in water (mostly
surface water) is undersaturated with gibbsite and is aot known to m;tch any common
aluminvm-bydroxide mineral saturation lines. Aluminum undersaturation m actd waters
(pH < 5.0) was also observed by a number of other studies at various locations in North
America and Europe {Crouse and Rose, 1976, Nordstrom ef af., 1986; Dnscoll et af,,

1984; Mulder er a/., 1994), and has caused a debate on the possible mechanisms.

Aluminum Undersaturation in Actd Waters

One possibility is that there are other aluminum minerals, such as the aluminum
sulfate minerals, that might control the aqueous geochemistry of alurminura, However,

Jones {1994) showed that surface water in the Pine Barrens is undersaturated with respect

to these munerals.
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Figure 21. Log[Al™"] vs. pH in the Pine Barrens waters. Two linear trends intersect at pH
of 4.8. When pH > 4.8, most points fali along the -3 slope line of gibbsite saturation (pK
= 877), indicating activity of Al in water (mostly groundwater) is controlled by
solubility of gibbsite. At pH < 4.8, water samples (mostly from rivers} formed a linear
trend that has a more gentle stope than -3. In this case, activity of AI"" in river water is
undersaturated with gibbsite.
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Aluminum undersaturation was also suggested to be a result of kinetic restraints
on the dissolution of aluminous minerals (Nordstrom, 1981; Hooper and Shoemaker,
1985). However, there has been no ngorous effort to test the hypothesis in natural waters,
No acceptable explanation is made as to why solutions have low dissolved Al despite pH
values less than 4.5 and the eievated concentranons of organic ligands. Furthermore, it
1s very hard for the kinetic model to quantitatively describe the observed linear
relationship between log[Al**] and pH at pH < 5.0.

Another possibiity is that Al is controlled by organic aluminum phases. Soil
scientists have found that organic Al phases were important sources of pH buffering in
acid soils that were low in aluminous-chlorite and relatively low in permanent charge
cation exchange capacity, and that organic matter was the most mmportant factor in the
control of soil solution AI* activity (Bloom et al.,, 1979). Furthermore, the study by
Hargrove and Thomas (1980} showed that organic matter could reduce the Al activity
in soil solution and result in less Al toxicity to plants. Simularly, Mulder er al. (1989)
demonstrated that only 2 minor fraction of soil aluminum was readily dissolved in acid
soil solutions, and the most soluble fracton consisted largely of non-silicate, organically
bound aluminum, which had been formed in the course of soil development. In the system
of natural waters, Dnscoll {1984) also noticed strong positive correlations between
dissolved aluminum and DOC (Dissolved Organic Carbon) in surface waters of the
Adirondacks. Progress was made when soil scientists managed to apply what has been
found in soil to natural water system.

Cronan ef al. (1986) developed a model based on their soil equilibration
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experiments to predict aqueous Al concentrations in natural waters that have pH values
between 3 and 5. The model assumed that, i» acid waters, the solubility of aluminum was
not controlled by saturation with gibbsite but was controiled by saturation with organic
Al The results of the expeniment (Figure 22) ndicate that the activity of Al* in water is
affected by pH and the bound Al ratio, which is defined as the equivaients of organically
bound Al per organic matter divided by the equivalents of carboxylic (RCOOH) group
per organic matter. The solubility of Al decreases with inc¢reasing pH, and ncreases with
increasing bound Al ratio. The log[Al**] is in a linear relationship with pH given a certain
bound aluminum ratio. This linear relationship is exactly what was found in the New
Tersey Pine Barrens and what other researchers havé found in various places i North
America and Europe (Crouse and Rose, 1976; Nordstrom et al., 1986; Driscoll et af, 1984,
Mulder ef al., 1994).

An atiempt to compare the New Jersey data to the organic model was made
(Figure 22). Data were plotted onto Cronan's graph of log[AI*'] vs. pH. The Pine Barrens'
data {and also data in other areas which will be discussed later) are almost parallel to the
line with the bownd Al ratio ranging from 0.0 to 0.1. However, the intercept of the New
Jersey data is slightly lower thap the line with bound Al ratio of 0.0 - 0.1. The lower
intercept may be caused by different kinds of organic matter i the soil of the New Jersey
Pine Barrens as compared with what Cronan et af. (1986) used in their expenments. It
was also observed by Cronan et af. (1986) that in places with low mineral content, water
could be oversaturated with respect to AOH), when pH was slightly about 4.8. Thus, the

upper limit for the organic model was predicted to pH at about 5.2. Data from the Pine
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Figure 22. Aluminum solubiity in the presence of soil humic matter in the pH range 3.0
to 5.0 (modified after Cronan ef af, 1986, Figure 2). The points represent data from the
New Jersey Pine Barrens. The four lmes marked with A, B, C and D indicate four
different ranges of bound aluminum ratios: line A = 0 to 0.); line B = 0.2 to 0.3; line C
=06 t0 0.7; and lme D = 0.9 to 1.0. The solubibty line of gibbsite is shown for
reference. The slope of data from the Pine Barrens indicates that the solutions are in
equilibrium with Al-organic cornplexes in soil which have bound aluminum ratio of 0 to
0.1.
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Barrens seem to fit this observation (Figure 22), with a pH upper limit at around 5.3,

Evaluations of the Organic Model for Al Undersaturation
1. Bound Aluminum Ratio in the Pine Barrens

To test the organic model for aluminum udersaturation by Cronan er af, {1986) in
the Pine Barrens area, the bound Al ratios of humic muck m the Pine Barrens were
analyzed using techniques by Hargrove ef af. (1982, 1984) and Cronan et of. (1986). The

results are shown on Table 12.

Table 12. Bound Aluminum Ratios in the Pine Barrens
- |

Locaton  Organically RCOOH  Weight remamed Bound Al Ratios
Bound Al (meq) after being treated  (Organically Bound Al

{meq) with HCI (%) { RCOOH)
Batsto' 0.0649 0.45 836 0.17
Batsto2*  0.0405 0.96 65.5 0.06
Mullica'  0.0449 0.37 7.2 0.17
Wading ' 0.1393 0.68 75.8 0.27
Oswego'  0.0279 0.19 718 0.18
Atsion’ 0.0665 1.31 11.1 0.46
Bodine’*  0.0065 0.21 51.3 0.06
Average  0.0557 0.59 61.5 0.19

Note: - Eamples were collected trom the streambeds,

? . Samples were collected in the swamps.

The bound Al ratios tn the Pine Barrens range from (.06 to 0.46, and average

about 0.19. The range of the bond aluminum ratios in the Pine Barrens is very similar to
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that of other soils (Cronan er af, 1986). At equilibrium, the solubility of aluminum is
controlled by the least soluble phase in aqueous systems. Since the solubility of Al
increases with increase in bound Al ratios (Figure 22), the solubility of aluminum is
controlled by the organic alommnum phase with the lowest bound Al ratio, which is about
0.06 in thus study. This value corresponds well with what the organic model predicted on

the bound Al ratio (between 0.0 and 0.1, Figure 22).

2. Al and Discharge Relations in Surface Water

As thys study showed in Chapter 4, major element concentrations mn the Batsto
River show positive correlations with discharge (Figures 9, 10 and 11). Aluminum
behaves similarly. Total dissolved Al concentration increases with increasmg discharge
in the two major rivers in this region, the Batsto River and the Mullica River (Figure 23).
The amount of discharge in rivers in the study area comes from precipitaton (and
consequent runoff) and groundwater. When precipitation 1s low, nivers are recharged by
growmdwater, which has average dissolved Al concentration less than 100 ppb (Table 11).
When discharge increases with increasing precipitation, Al in river water can come either
from rain or runoff. However, Al concentration in rain is low, averaging about 2 ppb
(Jones, 1994) in the Pine Barrens. Therefore, the high aluminum concentrations at bigh
chscharge (Figure 23) must come from runoff by dissolution of organic aluminum phases
formed during soil development. On the other hand, the disselution of organic Al solids
at high discharge is strongly associated with low water pH in the stdy area because low

water pH appeared also at bigh discharge pertods (Figure 11 in Chapter 4).
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Figure 23. Total dissolved aluminum vs. dischirge in the Mullica and Bafsto River in the
New Jersey Pine Barrens. Aluminum concentration increases with wncreasing discharge
in both rivers. The positive correlation suggests alumynum i nvers comes from
groundwater at low discharge and from runoff at high discharge by dissolution of organic

Al phases in so1l,
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To summarize, the gibbsite solubility model is appropnate in the groundwater zone
because groundwater has higher pH aed low flow speed to ensure attaming mineral
saturation. The organic model, or aluminum undersaturation, is applicable to the upper soil
horizons. During peak flows of a low order stream (Both the Mullica and the Baisto
Rivers are first-order streams.), stream water will be strongly influenced by the
"undersaturation” resulted from lateral mnooff derived from organic-rich soil honzons, and
thus, will demonstrate Al undersaturation in stream water. [t is speculated that if Al
undersaturation is studied in soil water, the ratio of runoff : base flow {groundwater) can

be calculated using 2 two-endpoint mixing model.

Aluminum Solubility in Other Studies

As mentioned previously, the break in slope on the log[Al”’] vs. pH diagram
(Figure 21) is not unique to the study in the Pine Barrens. Other studies in California
(Nordstrom, 1981}, the Adirondacks (Driscoll, 1984), and Appalachia (Crouse and Rose,
1976) demonstrated the same phenomenon (Figure 24). It seems that it 15 a common
behavior of aluminum regardless of field conditions, ionic strength, and water qualities.

There is an Al-pH transition zone {defined by Nordstrom and Ball, 1986) at pH
between 4.8 and 5.2. When pH is greater than the transition zone, the conceatration of
aluminum s consistent with the solubility of gibbsite (or kaolinite). When pH 1s lower
than the transition zone, aluminum in water is undersaturated with gmbbsite. The
undersaturation of aluminum could be controlled by the solubility of organic ziuminum

phases in soil. The intercepts are different between these datasets. At a higher pH (pH >
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Figure 24. Comparison of log[Al’*] vs. pH from California, Appalachia, the Adirondacks
(data from Nordstrom and Ball, 1986) and the Pine Barrens (combined with data from
Jones, 1994). Each dataset forms two linear trends that intersect at pH between 4.8 and
5.2 (defined as the Al-pH transition zone). At a higher pH (> 4.8 to 5.2), activity of Al
is controlled by saturation with gibbsite. At a lower pH (< 4.8 to 5.2), Al in water shows
undersaturation with gibbsite and may be controlled by saturation with organic Al phases.
The difference in offsets between the datasets at low pH may be caused by different
organic matter in various locations.
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4.8 - 5.2), it may be cansed by different degrees of crystallinity of gibbsite or even
different equilibrium constants used; at a lower pH (pH < 4.8 . 5.2), it may be due to
different kinds of organic matter presented at various localities. The existence of the
transition zone is due to different intercepts.

It is still too early at this point to draw the conclusion that this "two-model theory"
1s universal for aluminum solubility control. More comparison-and-contract work on
hydrologic, geologic conditions as well as water and soil conténts should be done to

obtain a range of application.
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CHAPTER 7

CONCLUSIONS

Water quality in the New Jersey Pine Barrens is under the threat of acid
precipitation because of the low acid buffer capacity of the quartz-rich sands m the
aquifers in this region. This study is aimed at providing 2 better understanding of
hydrogeochemical processes in the Pine Barrens and laying a foundation for future
research on the potential effects of acid raip in this area. The focus of the research 1s on
the water quality of groundwater and surface water 1o the Pinelands.

Groundwater chemistry in the Pine Barrens differs significantly between the two
stratigraphic units. The difference suggests very little cross-formational flow between
them. The difference comes from very different solute sources and chemical reactions in
the two formations. Solute chemustry of the overlying Cohansey Formation is controlled
maialy by acid precipitation that cammes manme and continental aerosols. Chemical
reactions in clay layers and sand are minor in the Cobansey because of the shorter
residence time that is controlled by local groundwater flows. Water chemistry in the
underlying Kirkwood Formation is mainly controlled by water:rock reactions in the sand
and clay layers. Since regional flow system controls the Kirkwood groundwater and on
the other hand the Kirkwood Formation is much less permeable, Kirkwood groundwater
has much slower flow speed and longer residence time to result in 3 greater degree of

water:rock reactions. Surface sources play httle part in its compesition.
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Na" and €I in Cohansey groundwater exhibit 2 Na'/C)" ratio similar to that of sea
water and are therefore derived from marine aerosols and distributed by local flow.
Kirkwood groundwater contains Na* coming from water:rock reactions, indicating regional
flow and long residence time for chemical reactions, Low Cl concentration in Kirkwood
groundwater suggests that the source of Kirkwood groundwater s much further wnland.

Cohansey groundwater and surface water are very similar in compositioa because
solute chemustry of both is mainly controlled by precipitation in the vregion. However,
there are some differences which are caused by minor controls in water chemistry. For
instance, surface water is also influenced by nmoff, and Cohansey groundwater has a
small amount of water:rock reactions.

Surface water shows seasonal variation, which is controlled by discharge in nivers.
Cohansey groundwater shows little seasonal vanation since groundwater has residence
time longer than one year. However, i different wells, water chemistrty vanes, which
suggests that groundwater in the Cohansey Formation 1s quite heterogeneous. The clay
confining layers, which has low permeability, contribute to the differences i water
composition within the Cohansey Formation as well as between the two stratigraphic units
m the Pine Barrens.

The source of bog iron in the Pine Barrens is not associated with the underlying
glauconitic formations. The source of bog iron is pot transported from the deeper
Kirkwood groundwater through ¢ross-formational flow since Kirkwood groundwater has
less dissolved iron content. The existence of wide-spread cross-formational flow 1s

questionable because on the one hand, solute water chemistry 1s quite different between
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the two formations; on the other, the potentiometric table of the Kirkwood Formation is
observed lower than the water table in the Cohansey Formation, leaving no impetus for
water to travel upward. The source of bog won might be from the iron- and clay-rich
confining layers in the Cohansey Formation.

Dissolved aluminure has very bigh concentration in surface water in the study area
because of aaid precipitation and low acid neuwtralizating capacity of quartz sand. The
solubility of aluminum in water is found to be consistent with a “two-model theory”.
When pH > 4.8, activity of aluminum is regulated by solubility of gibbsite or kaolinite.
When pH < 4.8, 2luminum is undersaturated with these minerals; the activity of aluminum
1s regulated by solubility of orgamic aluminum phases with low AN/COQOH ratios. The

"two-mode) theory" may apply to acid waters i several places i the Umited States.
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