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SELECTED FACTORS FOR CONVERTING INCH-POUND UNITS TO METRIC UNITS

For those readers who may prefer to use metric (International System)
units rather than inch-pound units, the conversion factors for the terms
used in this report are given below.

Multiply inch-pound unit By To obtain metric unit
Acre 0.4047 hectare

Foot 0.3048 meter

Inch 25.40 millimeter

Inch per hour 2.540 centimeter per hour
Mile 1.609 kilometer

Million gallons 3.785 million liters

Square foot 0.09294 square meter

To convert degrees Celsius (°C) to degrees Fahrenheit (°F), use the
following formula:

°F = 9/5(°C)+32



GEOCHEMISTRY OF ARTIFICIAL-RECHARGE TESTS IN THE OAKES AQUIFER
NEAR OAKES, SOUTHEASTERN NORTH DAKOTA

By G. F. Huff and J. D. Wald

ABSTRACT

As part of an artificial-recharge feasibility study, water from the
James River was introduced into the Oakes aquifer of southeastern North
Dakota by infiltration through a recharge basin. Chemical composition of
water in the recharge basin and ground water from two separate flow paths
beneath the basin was determined from samples taken during two artificial-
recharge tests.

Changes between recharge-basin water and ground water from the ter-
mination of the flow paths during the spring 1987 test included increases in
alkalinity, calcium, sodium, and silica and decreases in pH and dissolved
oxygen. Interpretation of processes modifying the chemical composition of
recharge water was complicated by mixing of recharge water with pre-existing
ground water within the Oakes aquifer.

In the summer 1987 test, the recharge basin was lined with a decomposing
organic mat. The purpose of the organic mat was to sustain large infiltra-
tion rates for a longer period of time and to evaluate the effect of a
decomposing organic mat on water quality during sustained recharge-basin
operation. Larger infiltration rates with the organic mat in place allowed
recharge water to reach the termination of the flow paths prior to apparent
mixing with pre-existing ground water for a period of as much as approxi-
mately 405 hours of recharge-basin operation.

Changes between recharge-basin water and ground water from the ter-
mination of the flow paths during the summer 1987 organic-mat test included
increases in alkalinity, calcium, and silica and decreases in pH, dissolved
oxygen, and total organic carbon. Detected changes between recharge-basin
water and ground water from the termination of the flow paths were
interpreted using a mass-balance geochemical model. Chemical changes of at
least 2 milligrams per liter were modeled in terms of reactions, including
those due to respiration of micro-organisms, dissolution of carbon dioxide,
possible production of organic acids, dissolution of amorphous silica,
cation exchange, and dissolution of carbonate minerals. Generation of
organic acids within the decomposing organic mat may cause dissolution of
dolomite in the subsurface.

INTRODUCTION

The Pick-Sloan Missouri River Basin Plan enacted by Congress in the
Flood Control Act of 1944 was redesigned by the U.S. Bureau of Reclamation
in 1957 to consider irrigating 1,007,120 acres of land in central and
southeastern North Dakota. Missouri River water would be diverted from



Lake Sakakawea near Garrison Dam. The 1957 plan included 108,000 acres of
proposed irrigation in the Oakes area of southeastern North Dakota.
Construction of a 250,000-acre Garrison Diversion Unit was authorized by
Congress in 1965 as the initial stage of the plan. The 1965 authorization
designated 45,980 acres to be irrigated in the Oakes area. The Missouri
River water would be delivered via canals and the James River. Because
channel capacity of the James River upstream of Oakes was inadequate to meet
peak irrigation demands, the U.S. Bureau of Reclamation proposed construc-
tion of Lake Taayer Reservoir about 6 miles east of Oakes.

The Garrison Diversion Unit, as authorized in 1965, raised significant
issues of environmental and economic concern in both the United States and
Canada. As a result, in accordance with Public Law 98-360, section 207,
enacted by Congress on July 16, 1984, a 12-member commission was appointed
by the Secretary of the Interior to "examine, review, evaluate, and make
recommendations with regard to the contemporary water development needs of
the State of North Dakota." The Garrison Diversion Unit Commission (1984)
recommended the following changes for the proposed irrigation that was
authorized in 1965 for the Oakes area:

1. Reduce the size from 45,980 acres to 23,660 acres,

2. deauthorize construction of Lake Taayer Reservoir, and

3. initiate a feasibility study to assess artificial recharge to the
Oakes aquifer as an alternative to a surface reservoir.

On the basis of recommendations of the Garrison Diversion Unit
Commission, Congress passed the Garrison Diversion Unit Reformulation Act
of 1986. The act directed the Secretary of the Interior to submit a
comprehensive report to Congress by no later than the end of fiscal year
1988; completion date, however, was extended to the end of fiscal year
1989. Results of a study to determine the feasibility of artificial
recharge to the Oakes aquifer are to be included in the comprehensive
report. In the proposed artificial-recharge plan, the Oakes aquifer would
function as a storage reservoir and wells completed in the Oakes aquifer
would be pumped during peak irrigation-demand periods.

In July 1985, the U.S. Geological Survey and the North Dakota State
Water Coomission entered into a cooperative agreement with the U.S. Bureau
of Reclamation to investigate the feasibility of artificial recharge to the
Oakes aquifer. The feasibility study was divided into three phases.

Phases I and II were conducted by the North Dakota State Water Commission
and the U.S. Geological Survey. Phase III was conducted by the North
Dakota State Water Commission.

Phase I addresses the geometric, hydraulic, and hydrochemical proper-
ties of the Oakes aquifer. Phase II addresses the selection, construction,
maintenance, and performance evaluation of recharge-test facilities in the
Oakes aquifer. Phase III addresses preliminary cost analysis of a full-
project-scale and pilot-scale well field and artificial-recharge facilities
in the Oakes aquifer. Results of phases I and III of the feasibility study

will be given in reports being prepared by the North Dakota State Water
Commission.



Results of part of phase II, the selection, construction, and main-
tenance of the test facilities and recharge basins in the Oakes aquifer,
are described in a report by Schuh and Shaver (1988). Their report also
gives detailed information on the infiltration rates, physical processes
that affected infiltration, and operational and maintenance techniques used
to enhance infiltration rates during the artificial-recharge tests.

During phase II, recharge basins were operated over three periods: (1)
September and October 1986, (2) May and June 1987, and (3) August,
September, and October 1987. Two infiltration tests, the spring test, which
was conducted May 4 to June 5, 1987, and the summer organic-mat test, which
was conducted August 3 to September 2, 1987, were selected for geochemical
analysis. The tests during these two operational periods were selected
because ground-water chemical analyses were available for a longer period of
recharge-basin operation than for the earlier operational period.

Purpose

The purpose of this report is to describe the sediment-ground water
interaction that occurred along two separate ground-water flow paths during
the spring 1987 test and the summer 1987 organic-mat test. The data
obtained from the summer 1987 organic-mat test are interpreted using mass-
balance geochemical and thermodynamic models. A1l chemical data collected
during recharge-basin operation are included as supplemental data at the end
of this report.

GENERAL DESCRIPTION OF TEST SITE, TEST FACILITIES, AND THE OAKES AQUIFER
Test Site
The test site selected for the feasibility study is in the SE4SE¥ sec.
29, T. 131 N., R. 59 W. in eastern Dickey County, southeastern North Dakota
(fig. 1). The test site is in the West Oakes Irrigation area and is about
1 mile east of the James River. Ground-water levels near the test site
typically are 15-20 feet below land surface (Schuh and Shaver, 1988, p. 17).

Test Facilities

The 50-foot by 50-foot recharge basin originally was excavated to a
depth of 4 feet. Additional excavation of about 1 foot was completed prior
to the spring 1987 test. Sidewalls of the basin were lined with heavy
polyethylene to prevent sloughing and erosion and to restrict infiltration
to the 2,500 square-foot basin fioor (Schuh and Shaver, 1988, p. 70).

Two multiport samplers were constructed using 2-inch polyvinyi-chloride
casing. Sampling ports were drilled in the casings at 2-foot intervals.
The sampling ports were covered with fiberglass wool to prevent entry of
aquifer material into the 0.25-inch Tygon®! tubing used to connect the

'Use of brand, firm, or trade names in this report is for identification

purposes only and does not constitute endorsement by the U.S. Geological
Survey.
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Figure 1.—Location of artificial-recharge test site.



sampling ports to the surface. The samplers were installed in the recharge
basin (fig. 2) so that the sampling ports were located at 1-foot intervals
starting at about 0.5 foot below the basin floor. The uppermost port was
5.5 feet below natural land surface. The design and operation of this type
of sampler is discussed in detail by Pickens and others (1981).

North Dakota State Water Commission well OL-2A (fig. 2) also was sampled
during both tests. The well is screened from 15.8 to 18 feet below land
surface in very fine to coarse, slightly gravelly sand (Schuh and Shaver,
1988, p. 231-233).

Lithology, Mineralogy, and Petrography of the Oakes Aquifer

The Oakes aquifer beneath the recharge-test basin consists of sand and
silt deposits of Holocene age and deltaic sand and gravel deposits of
Pleistocene age. Lithologic logs indicate that the sediments below the top-
soil layers range from very fine silty sand to very coarse gravelly sand.
Clay layers for the most part are absent and the sediment sequence is well
stratified (Schuh and Shaver, 1988, p. 17). The geology of the Oakes
aquifer sediments is discussed in detail by Bluemle (1979).

The mineralogy of the Qakes aquifer beneath the recharge basin as deter-
mined by X-ray diffraction analysis is given in table 1. The major minerals
identified include quartz, tridymite, calcite, dolomite, feldspar, and clay
minerals. Clay minerals primarily are smectite plus minor amounts of
chlorite and mica or illite.

Thin sections of the Oakes aquifer sediments were prepared from the
coarser than 60 micrometer fraction of companion samples used for X-ray
analysis. The size separation was made by dry sieving. Minerals identified
in thin section include quartz, K-feldspar, plagioclase feldspar, dolomite,
calcite, chert, and rare hornblende and muscovite. Quartz occurred as
anhedral angular to rounded grains. The K-feldspar was largely unaltered,
whereas much of the plagioclase feldspar was partly to largely replaced by
calcite along cleavage planes. Na-feldspar was determined by optical
methods to be in the albite through oligoclase compositional range. No evi-
dence of zoning or alteration controlled by zoning was observed in any
feldspar. Dolomite occurred exclusively as fine-grained sedimentary rock
fragments. Calcite was present in three distinct occurrences: (1)
Replacement of plagioclase feldspar, (2) fine-grained sedimentary rock
fragments, and (3) calcite overgrowths.

Two distinct types of noncarbonate rock fragments commonly were observed
in thin section. These included fine-grained chert-rich rock fragments that
likely are of sedimentary origin and extremely fine-grained largely isotro-
pic rock fragments that 1ikely are of volcanic origin. The presence of tri-
dymite, as detected by X-ray diffraction, strongly indicates a volcanic
origin for some sediments in the Oakes aquifer. The abundant isotropic
material and the banded texture observed in the volcanic rock fragments are
characteristic of a welded tuff. Abundant isotropic material in these
volcanic rock fragments is consistent with abundant volcanic glass commonly
found in welded pyroclastic rocks. Rock fragments of all types are scat-
tered throughout the examined sediments.
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Table 1.--Bulk mineralogy of composite sediment samples from the Oakes aquifer beneath

the recharge basin as determined by X-ray diffraction

[Source, Mineralogy, Inc., Tulsa, Oklahoma; minerals are ranked by number, (1--largest weight
percent of total sample, 2--next largest, etc.); subequal amounts are ranked using
identical numbers; "ND" signifies none detected. The detection 1imit using X-ray
diffraction 1s approximately 5 weight percent]

Depth
below Clay
land surface +

(feet) Quartz Tridymite Calcite Dolomite Feldspar mica Serpentine Amphibole Pyrite

4-5 1 5 3 2 4 5 ND ND ND
6-7 1 2 5 ND 4 3 ND ND ND
7-8 1 2 5 ND 4 3 ND ND ND
10-11 1 4 3 3 2 3 ND 3 4
14-15 1 4 4 2 3 3 ND 5 ND
17-18 1 3 4 4 2 4 ND ND ND
18-19 1 2 2 3 2 3 4 ND ND
21-22 1 2 5 4 3 5 ND ND ND

RECHARGE-TEST PROCEDURES

Inflow from the James River to the recharge basin was controlled to main-
tain a water level of 2 feet above the basin floor during the spring 1987
test and the summer 1987 organic-mat test (Schuh and Shaver, 1988, p. 84).
A peristaltic pump was used to collect water samples at regular intervals
from the basin, multiport samplers, and well OL-2A. Samples could be taken
from a port of the multiport samplers only if the aquifer at the port's
level was saturated. The shallowest port opening onto saturated sediments
during the entire summer 1987 organic-mat test was located 16.5 feet below
natural land surface. The depth of this shallowest port marks the approxi-
mate location of the top of the saturated zone during both the spring 1987
test and the summer 1987 organic-mat test. The route traveled by recharge
water to the 16.5-foot port is hereafter designated flow path 1. The route
traveled by recharge water to well OL-2A is designated flow path 2.

Specific conductance, pH, temperature, and dissolved oxygen were
measured at the test site. A1l other analyses were made by the U.S.
Geological Survey National Water Quality Laboratory in Arvada, Colo. Water
?amp1§s were collected using the techniques described by Brown and others

1970).

Following the spring 1987 test, the floor of the recharge basin was
lined with a 4-inch thick organic mat (composed primarily of sunflower-seed
hulls) to filter a part of the suspended sediment introduced with recharge



water and thereby slow the formation of a low-permeability layer on the
basin floor.

The sunflower-seed hulls were treated with urea and mixed with topsoil
in March 1987. The mixture was remixed and wetted repeatedly at 2- to
3-week intervals prior to emplacement as an organic mat in August 1987
(Schuh and Shaver, 1988, p. 153-154). This treatment established a high
level of microbial activity within the mixture, as indicated by a sustained
internal temperature of 150 °C (W. M. Schuh, North Dakota State Water
Commission, oral commun., 1989). The summer 1987 organic-mat test was con-
ducted with the organic mat in place.

GEOCHEMISTRY
Results from the Spring 1987 Test

Concentrations of selected chemical constituents in water from the
recharge basin, the termination of flow path 1, and the termination of flow
path 2 as a function of time during the spring 1987 test are plotted in
figure 3. Changes between recharge-basin water and ground water from the
termination of the flow paths include increases in alkalinity, calcium,
sodium, and silica and decreases in pH and dissolved oxygen.

Chloride concentrations in water from the recharge basin were greater
than or equal to chloride concentrations in ground water from the ter-
mination of both flow paths during approximately the first 90 hours of the
spring 1987 test. However, the concentration of chloride in ground-water
samples taken from the termination of both flow paths after approximately
200 hours exceeded that in the recharge-basin water. X-ray diffraction
analysis of bulk and clay-size aquifer sediments show no evidence of
chloride salts. During the fall 1986 recharge test, chloride concentrations
in the recharge-basin water exceeded 50 mg/L (see supplemental data). Thus,
any interstitial ground water remaining in the unsaturated zone beneath the
basin could have had substantially larger chloride concentrations than the
recharge-basin water of the spring 1987 test. Mixing of infiltrating water
with interstitial ground water of larger chloride concentration during the
spring 1987 test would account for the observed changes in chloride con-
centrations between approximately 200 and 600 hours. At some time after
approximately 600 hours, chloride concentrations in water from the recharge
basin exceeded those in ground water from the termination of flow path 1.
~ Sufficient flushing of the unsaturated zone with infiltrating water could
account for the observed changes in concentration of chloride after approxi-
mately 600 hours. Geochemical changes in infiltrating water through mixing
with interstitial ground water in the unsaturated zone have been observed
under similar circumstances by Wood and Signor (1975).

Geochemical changes between recharge-basin water and ground water from
the termination of the flow paths may reflect the effects of mixing with
pre-existing ground water in the Oakes aquifer as suggested above, chemical
reaction of recharge water with the sediment it passes through, or both.
Mixing of infiltrating water with interstitial water in the unsaturated
zone, as illustrated by the observed changes in concentration of chloride,
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may play a major role in observed changes in chemical constituents between
water in the recharge basin and ground water from the termination of the
flow paths. The data from the spring 1987 test were not used in a mass-
balance geochemical model because of mixing of recharge water with pre-
existing ground water.

Of the dissolved metals analyzed for during the spring 1987 test, maxi-
mum contaminant levels for potable water have been established by the
Environmental Protection Agency (1986) for barium, cadmium, copper, iron,
lead, and zinc. Concentrations of these metals did not exceed maximum con-
taminant levels for the period of ground-water sampling during the spring
1987 test.

Results from the Summer 1987 Organic-Mat Test

Concentrations of selected chemical constituents in water from the
recharge basin, the termination of flow path 1, and the termination of flow
path 2 as a function of time during the summer 1987 organic-mat test are
shown in figure 4 and listed in table 2. Samples from the recharge basin
and termination of the flow paths corresponding to a specified time in
tables 2 and 3 were collected within + 3 hours of the specified time.
Changes between the recharge-basin water and ground water from the ter-
mination of both flow paths included increases in alkalinity, calcium, and
silica and decreases in pH, dissolved oxygen, and total organic carbon. An
increase in magnesium occurred at the termination of flow path 1 at approxi-
mately 405 hours.

A surge of nitrogen input to ground water accompanied the start of
recharge-basin operation (fig. 4). The nitrogen surge lasted less than 16
hours and is thought to be the result of leaching of urea from the organic
mat. Nitrogen concentrations did not exceed maximum contaminant levels
established by the Environmental Protection Agency (1986) in any ground-
water samples taken during the summer 1987 organic-mat test.

Interpretation of Results from the Summer 1987 Organic-Mat Test

Infiltration rates were larger with the organic mat in place. These
larger infiltration rates allowed infiltrating water to completely flush the
unsaturated zone during the first approximately 90 hours of basin operation.
In addition, the larger infiltration rates allowed recharge water to reach
the termination of the flow paths prior to apparent mixing with pre-existing
ground water. The slow rates of chemical change in ground water as it

flowed through the aquifer sediments starting at about 90 hours approximated
steady-state conditions.

No change in chloride concentration and no more than + 2 milligram-per-
Titer change in sulfate concentration occurred between the recharge basin
and the termination of flow path 1 from 90 through 405 hours of recharge-
basin operation (table 2 and fig. 4). The same observations hold for flow
path 2 from 90 through 211 hours. The -2 milligram-per-liter change in
chloride concentration and the -10 milligram-per-liter change in sulfate
concentration between the recharge basin and the termination of fiow path 2
observed at 405 hours is interpreted to be the result of mixing between

13
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Table 2.--Concentrations of selected constituents for the summer

1987 organic-mat test at approximate times

[A11 data are in milligrams per liter except pH which is in standard
units, -- indicates value reported was in error and was not used]

Termination of

Termination of

Constituent Recharge basin flow path 1 flow path 2
90 hours
pH 8.36 7.79 7.77
Dissolved oxygen (DO) 8.0 1.5 3.4
Alkalinity as calcium 199 202 202
carbonate (CaC03)
Calcium (Ca) 46 45 47
Magnesium (Mg) 22 22 21
Sodium (Na) 40 39 41
Potassium (K) 11 11 10
Sulfate (504) 87 86 88
Chloride (C1) 12 12 12
Silica (5102) 14 22 33
Total organic carbon (TOC) 15 8.7 6.4
211 hours
pH 8.35 7.66 7.64
Dissolved oxygen (DO) 8.3 2.7 2.2
Alkalinity as calcium 204 211 215
carbonate (CaC03)

Calcium (Ca) 45 47 49
Magnesium (Mg) 23 23 21
Sodium (Na) 42 43 41
Potassium (K) 12 13 16
Sulfate (504) 91 89 91
Chioride (C1) 13 13 13
Sitica (Sioz) 12 23 33
Total organic carbon (TOC) 14 10 5.7
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Table 2.--Concentrations of selected constituents for the summer

1987 organic-mat test at approximate times--Continued

Termination of

Termination of

Constituent Recharge basin flow path 1 flow path 2
405 hours
pH 8.38 7.75 7.71
Dissolved oxygen (DO) 8.6 2.4 2.2
Alkalinity as calcium 206 227 234
carbonate (CaC03)
Calcium (Ca) 47 52 55
Magnesium (Mg) 23 26 23
Sodium (Na) 44 42 42
Potassium (K) 11 11 12
Sulfate (504) 100 99 90
Chloride (C1) 14 14 12
Silica (5102) 9.9 21 35
Total organic carbon (TOC) 14 7.2 5.1
600 hours
pH 8.50 7.64 7.71
Dissolved oxygen (DO) 10.2 4.1 1.4
Alkalinity as calcium 193 227 244
carbonate (CaCO3)
Calcium (Ca) 49 50 83
Magnesium (Mg) 24 25 13
Sodium (Na) 46 44 32
Potassium (K) 11 12 11
Sulfate (504) 100 93 92
Chloride (C1) 14 13 13
Silica (5102) 8.3 21 --
Total organic carbon (TOC) 12 5.8 4.8
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Table 3.--Summary of significant changes in the chemical composition

between basin water and ground water from the termination of

flow paths 1 and 2 at selected approximate times during the

summer 1987 organic-mat test

Chemical Change
constituent (millimole per liter) Hours
Flow path 1
Dissolved oxygen (DO as 02) -0.21 90
Alkalinity (as HC03) +.06 90
Silica (5102) +.13 90
Total organic carbon (TOC as C) -.53 90
Dissolved oxygen (DO as 02) -.18 211
Alkalinity (as HCO3) +.13 211
Calcium (Ca) +.05 211
Sulfate (504) -.02 211
Silica (5102) +.18 211
Total organic carbon (TOC as C) -.33 211
Dissolved oxygen (DO as 02) -.20 405
Alkalinity (as HC03) +.43 405
Calcium (Ca) +.12 405
Magnesium (Mg) +.12 405
Sodium (Na) -.09 405
Silica (5102) +.18 405
Total organic carbon (TOC as C) -.57 405
Flow path 2

Dissolved oxygen (DO as 02) -0.15 90
Alkalinity (as HC03) +.06 90
Silica (5102) +.32 g0
Total organic carbon (TOC as C) -.72 90
Dissolved oxygen (DO ad 02) -.19 211
Alkalinity (as HC03) +.21 211
Calcium (Ca) +.10 211
Magnesium (Mg) -.08 211
Potassium (K) +.10 211
Silica (5102) +.35 211
Total organic carbon (TOC as C) -.69 211
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recharge water and pre-existing ground water within the Oakes aquifer.
Similar decreases in chloride and sulfate concentrations for flow path 1
were observed at 600 hours and also are attributed to mixing.

The overall decrease in infiltration rate through the recharge basin
with time (fig. 5) correlated with the cumulative suspended sediment
delivered to the recharge basin along with influent water (Schuh and
Shaver, 1988, p. 202-203). As the infiltration rate declined with time,
evidence of mixing, based on changes in chloride and sulfate concentrations
between the recharge basin and the termination of the flow paths, was
observed for flow path 2 at approximately 405 hours and for flow path 1 at
approximately 600 hours.

Description of Mass-Balance Model

Where there was no evidence for mixing of infiltrating water with
pre-existing ground water, a mass-balance geochemical model was used to
describe selected changes in chemical composition between the recharge-basin
water and ground water from the termination of each of the flow paths at
selected times. The choice of solid phases used in writing chemical reac-
tions was based on the mineralogy of the Oakes aquifer beneath the test
basin (table 1), petrographic data, and stoichiometric relationships in
observed chemical changes between recharge-basin water and ground water from
the termination of each of the flow paths.

The magnitudes of changes other than those due to mixing along the flow
paths were on the order of tenths of a millimole per liter. Because data
were reported in milligrams per liter to two significant figures (with the
exception of pH and alkalinity which were reported to three significant
figures), any rounding of data was potentially of a significant magnitude
relative to measured changes. To compensate for the effect of rounding and
analytical scatter, only changes of a least + 2 milligrams per liter along a
flow path were considered significant. The detection 1imit and the relative
standard deviation for selected chemical constituents are listed in table 4.
In the range of concentration shown in table 2, analytical uncertainty
exceeds the + 2 milligram-per-liter significance level for calcium, sulfate,
and alkalinity. The analytical uncertainty level for calcium is
approximately + 6 milligrams per liter; the uncertainty level for sulfate is
approximately + 3 milligrams per 1iter; and the uncertainty level for alka-
Tinity is approximately + 30 milligrams per liter. Recent data indicate
that the relative standard deviation of 12 percent for alkalinity may be as
much as four times the actual standard deviation (D. E. Erdmann, U.S.
Geological Survey, oral commun., 1989). Given the amount of analytical
uncertainty for calcium, sulfate, and alkalinity, a part of the significant
changes shown in table 3 for these constituents may be attributable to ana-
lytical uncertainty.

The geochemical model used to describe significant changes in chemical

composition of water between the recharge basin and the termination of the
flow paths is outlined as follows:
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Step (1) Dissolved oxygen and total organic carbon were depleted, CO2
was added, and the pH was lowered in water passing through
the organic mat and immediately underlying sediments by
microbial respiration following the reaction

(CHZO)IOG(NHB)IS(H3P°4) + 13802 = (1a)

106C0, + 16N0,” + 122H,0 + HPO, 2 + 18H".
Reaction la is a generalized oxygen respiration reaction that
has been used to describe the respiration of micro-organisms
in shallow ground-water systems (Jacobs and others, 1988).
A part of the CO2 produced could further lower pH by the
reaction
co

+ H0 = Ht + HCO, ™. (1b)

2
Step (2) Silica was added to the water along the flow paths by
dissolution of amorphous 5102 following the reaction

Si0

+ 2H,0 = Si(OH) . (2)

2
Addition of 0.32 millimole per liter of silica to water between the
recharge basin and the termination of flow path 2 at 90 hours (table 3) was

unaccompanied by significant increases in the concentration of any cation.
This requires a source of silica in the Oakes aquifer that does not
contribute cations into solution. The X-ray-determined mineralogy of and
petrographic observations on Oakes aquifer sediments indicate four possible
sources of silica: (1) Dissolution of quartz, (2) dissolution of tridymite,
(3) dissolution or alteration of feldspars, and (4) dissolution of amorphous
Si0p associated with volcanic rock fragments. Because ground water at the
termination of flow path 2 is undersaturated with respect to amorphous Si02
and oversaturated with respect to quartz (table 5) and amorphous Si02 has

a greater solubility than either quartz or tridymite, it is the more likely
source.

The molar ratios of calcium, sodium, and potassium to silicon released
into solution as a result of common end-member feldspar alteration reactions
as well as congruent end-member feldspar dissolution are listed in table 6.
Calculations made assuming the release of 0.32 millimole per liter of silica
to solution indicate that only reaction of anorthite to form gibbsite plus
calcite would fail to release a significant concentration of cations to
solution. The conclusion drawn from the reactions listed in table 6 is
valid for plagioclase feldspar in the albite through oligoclase and
anorthite through mid-labradorite compositional ranges. Evidence of altera-
tion of plagioclase feldspar to calcite was observed in thin section. A
trace of Ca-feldspar was detected by X-ray diffraction analysis in a com-
posite sediment sample from 7 to 8 feet below land surface at the recharge-
test site. Thus, Ca-feldspar cannot be ruled out as a potential source of
silica to recharge water.

Ground water from the termination of flow path 2 is more enriched in

silica than ground water from the termination of flow path 1 (fig. 4).
Because the two flow paths are of roughly equal length, the preferential
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Table 5.--Saturation indices calculated using WATEQF for ground water from

the termination of flow paths 1 and 2 at approximate times during the

summer 1987 organic-mat test

[Saturation indices less than zero (-) indicate undersaturation; indices
greater than zero indicate oversaturation]

Saturation index

Phase Flow path 1 Flow path 2
90 hours
Quartz 0.621 0.805
Silica glass -.382 -.200
Calcite .285 .276
Dolomite .573 .509
211 hours
Quartz 0.594 0.798
Silica glass -.396 -.205
Calcite .231 .196
Dolomite .502 «337
405 hours
Quartz 0.539 0.808
Silica glass -.447 -.191
Calcite .398 .359
Dolomite .858 .665
600 hours
Quartz 0.563 --
Silica glass -.430 --
Calcite .257 .565
Dolomite .558 .664
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Table 6.--Molar ratios of calcium, sodium, and potassium to silicon

produced by selected common reactions of feldspar minerals

assuming conservation of aluminum

Ca (milligrams per liter)
released into solution

Ca:Si along with 0.32 millimole
Reaction produced per liter aqueous Si(OH)g4
Anorthite » Ca-smectite! 21:-1.33 --
Anorthite » kaolinite 1:0 --
Anorthite » gibbsite + calcite 0:2 0
Anorthite » congruent dissolution 1:2 6.4
Na (milligrams per liter)
released into solution
Na:Si along with 0.32 millimole
produced per liter aqueous Si(OH)g4
Albite » Na-smectite? 1:1.61 4,6
Albite » kaolinite 1:2 3.7
Albite » gibbsite + calcite 1:3 2.5
Albite » congruent dissolution 1:3 2.5
K (milligrams per liter)
released into solution
K:Si along with 0.32 millimole
produced per liter aqueous Si(OH)4

K-feldspar » muscovite*
K-feldspar - kaolinite
K-feldspar -+ congruent dissolution

——
ve ee ve
WNW

oo 0 -
L
N W

'Chemical composition of Ca-smectite taken as Cap,17A12,33513.67010(0H)2.

2Reaction requires consumption of 1.33 moles of Si per release of 1 mole

of Ca.

3Chemical composition of Na-smectite taken as Nag,k33A12,.33513,67010(0H)2.

“Reaction approximates alteration of K-feldspar to illite.
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enrichment in silica of ground water from the termination of flow path 2
indicates a source of silica that is inhomogeneously distributed through the
aquifer sediments. The observed distribution of volcanic rock fragments
throughout the sediment samples is consistent with such a source. Thus,
amorphous Si02 associated with volcanic rock fragments is considered the
most 1ikely source of silica to recharge water.

Step (3) Sodium and potassium gained or lost was exchanged for
calcium and magnesium by the cation-exchange reactions

Ca,Mg-clay + 2(Na,K)+ = 2(Na,K-clay) + (Ca,Mg)+2 or (3a)
2(Na,K-clay) + (Ca,Mg)*2 = ca,Mg-clay + 2(Na,k)*. (3b)

At the termination of flow path 2 after approximately 600 hours,
increases in calcium concentration in ground-water samples coincide with
decreases in magnesium and sodium (fig. 4). Although no quantitative calcu-
lations can be made because of mixing effects, this pattern suggests that
calcium may be added to ground water by exchange for magnesium or sodium.
Because dolomite is theoretically the most stable carbonate mineral in the
proposed mass-balance model, cation-exchange reactions have been used so
as to minimize the amount of dolomite dissolution required to account for
observed changes in water chemistry between the recharge basin and the
termination of the flow paths.

Step (4) Ca(+Mg) was added to water along the flow paths by
dissolution of calcite (+ dolomite) following the reactions

CaC0, + CO, + Hy0 = Ca*? + 2HCO,™ and (4a)

3
+2 +2

CaMg(CO + 2C0, + 2H + Mg+ 4HCO3'. (4b)

3)2 2 + 2,
Okubo and Matsumoto (1979) documented the production and aqueous
transport of monofunctional volatile fatty acids under aerobic conditions
during simulated artificial recharge through an organic substrate. Their
findings indicate another possible mechanism of carbonate dissolution

described by the reactions

0 = Ca

CaC05 + CH,CO0H = Ca*Z + CH C00™ + HCO,™ and (4¢)

CaMg(C0,), + 2CH,CO0H = Ca*? + Mg*?

+ ZCH3COO' + 2HCO3'. (4d)
Reactions 4c and 4d are written in terms of acetic acid because this was the
dominant species of volatile fatty acid produced in the experiment of Okubo
and Matsumoto (1979).

Application of Mass-Balance Model

The model does not account for the excess alkalinity presented in table
3 or in calculations shown in tables 7-9. The cation-anion charge balance
for each of the data sets modeled in tables 7-9 is. shown in figure 6. In
all the data sets, the total significant increase in alkalinity exceeds the
total significant increase in cations. The apparent charge imbalance may be
caused by analytical uncertainty or the screening out of some processes that
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Table 7.--Reconstruction of chemical reactions between the recharge

basin and the termination of flow path 1 at 211 hours

for the summer 1987 organic-mat test

[A11 reaction coefficients are in millimole per liter (mmol/L)]

Total
organic Dissolved
carbon oxygen

(as C) (as 0p) Silica Calcium Alkalinity

Total significant -0.33 -0.18 0.18 0.05 0.13
change
(1) Consume 0.18 -.19 0 .18 .05 .13

mmol/L dissolved
oxygen (reaction la)

mmol/L silica
(reaction 2)

(3) Dissolve 0.05 -.19 0 0 0 .03
mmol/L calcite
(reactions 4a, 4c)

are contributing cations into solution by the + 2 milligram-per-liter
significance level.

Interpretation of Mass-Balance Model and WATEQF Results

The amount of dissolved oxygen consumed from ground water by microbial
respiration between the recharge basin and the termination of the flow
paths (tables 7-9) does not fully account for the observed decrease in
total organic carbon. The discrepancy requires an additional sink for
organic carbon. Three possibilities for the organic carbon sink are:

(1) Consumption of organic carbon by microbial respiration using oxygen
present in the unsaturated zone; (2) an open system allowing oxygen to
migrate either from the atmosphere or surrounding sediments for use in
microbial respiration; and (3) sorption of organic carbon onto sediments or
organic matter.

The total volume of water that passed through the recharge basin during
the summer 1987 organic-mat test is estimated to be approximately 19.3
million gallons, based on data presented by Schuh and Shaver (1988, p. 198).
The average amount of total organic carbon lost between the recharge-basin
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Table 8.--Reconstruction of chemical reactions between the recharge basin and the

termination of flow path 1 at 405 hours for the summer 1987 organic-mat test

[A11 reaction coefficients are in millimole per 1iter (mmoi/L)]

Total
organic Dissolved
carbon oxygen
(as C) (as 02) Silica Caicium Magnesium Sodium Alkalinity

Total significant -0.57 -0.20 0.18  0.12 0.12 -0.09 0.43
change
(1) Consume 0.20 -.42 0 .18 .12 .12 -.09 .43

mmol/L dissolved
oxygen (reaction 1a)

(2) Dissolve 0.18 -.42 0 0 .12 .12 -.09 .43
mmol1/L silica
(reaction 2)

(3) Exchange 0.05 -.42 0 0 .12 .07 .01 .43
mmol/L magnesium
for 0.10 mmol/L
sodium
(reaction 3a)

(4) Dissolve 0.07 -.42 0 0 .05 0 .01 .15
mmol1/L dolomite
(reactions 4b, 4d)

(5) Dissolve 0.05 -.42 0 0 0 0 .01 .05
mmo1/L calcite
(reactions 4a, 4c)

water and ground water from the termination of the flow paths in excess of
the amount that is accounted for by the mass-balance model is assumed to be
about 0.45 millimole per liter. If this excess organic carbon was consumed
by microbial respiration following reaction 1la, the total amount of oxygen
required over the duration of the summer 1987 organic-mat test was approxi-
mately 4.28 x 107 millimoles of 02. Based on the depth below land surface
of the shallowest water-producing port of the multiport sampler, the
thickness of the unsaturated zone below the recharge-basin floor during the
summer 1987 organic-mat test is estimated to be 12.5 feet. Assuming a poro-
sity of 40 percent, an oxygen content of 21 percent by volume (atmospheric

29



Table 9.--Reconstruction of chemical reactions between the recharge basin and the

termination of flow path 2 at 211 hours for the summer 1987 organic-mat test

[A11 reaction coefficients are in miilimole per 1iter (mmol/L)]

Total
organic Dissolved
carbon oxygen Potas-

(as C) (as 02) Silica Calcium Magnesium sium Alkalinity

Total significant -0.69 -0.19 0.35 0.10 -0.08 0.10 0.21
change
(1) Consume 0.19 -.54 0 .35 .10 -.08 .10 .21

mmol/L dissolved
oxygen (reaction la)

(2) Dissolve 0.35 -.54 0 0 .10 -.08 .10 .21
mmol/L silica
(reaction 2)

(3) Exchange 0.05 -.54 0 0 .10 -.03 0 .21
mmol/L magnesium
for 0.10 mmol/L
potassium
(reaction 4b)

(4) Dissolve 0.10 -.54 0 0 0 -.03 0 .01
mmol/L calcite
(reactions 4a, 4c)

composition) of gases present, 1 atmosphere pressure, and a subsurface tem-
perature of 20 °C, a column of dewatered sediment with the dimensions of the
recharge-basin floor (50 feet by 50 feet) and 12.5 feet thick would contain
a maximum of approximately 3.09 x 106 millimoles of 02. These rough calcu-
lations indicate that the amount of oxygen required to consume all of the
excess organic carbon by microbial respiration exceeds that potentially
available in a column of unsaturated sediments equal in volume to those
immediately below the recharge basin by at least one order of magnitude. If
the volume of sediment-ground water interaction was larger than assumed
above, it is unlikely that the volume was larger by an order of magnitude.
In addition, the assumption of an oxygen content of 21 percent by volume in
subsurface gases and a porosity of 40 percent are maximum values. Thus, the
calculations demonstrating oxygen deficiency are qualitatively valid.
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Figure 6.—Cation-anion balance of significant chemical changes between recharge-basin

water and ground water from the termination of flow paths 1 and 2 at
selected times during the summer 1987 organic-mat test.
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The oxygen deficiency requires that the volume of sediment-water
interaction be open to oxygen either from the atmosphere or surrounding
sediments in order for microbial respiration to account for the complete
amount of total organic carbon lost in excess of that accounted for using
the mass-balance model. The amount of excess organic carbon lost by sorp-
tion onto sediments or organic matter is not known. In the absence of quan-
titative information on sorption effects it is not possible to conclusively
determine if the volume of sediment-water interaction was open or closed to
oxygen.

Dissolution of 0.18 to 0.35 millimole per liter of amorphous Si0., was
required to account for silica added to water between the recharge bdsin and
the termination of the flow paths (tables 7-9). The amount of silica added
to water along a given flow path remained fairly constant with time
throughout the summer 1987 organic-mat test (fig. 4). Dissolution of 0.05
to 0.10 millimole per liter of calcite and 0.07 millimole per liter of
dolomite along with cation-exchange reactions involving magnesium, sodium,
and potassium accounted for observed changes in calcium, magnesium, sodium,
potassium, and alkalinity (tables 7-9).

Detected changes in the concentrations of nitrate and phosphate pre-
dicted by reaction la were less than the significance level used in the
mass-balance model.

The mass-balance model calls for exchange of magnesium for potassium
between recharge-basin water and the termination of flow path 2 at approxi-
mately 211 hours (table 9). An alternative explanation for the changes in
ground-water composition shown in table 9 would involve exchange of magne-
sium for calcium and addition of potassium to water by K-feldspar dissolu-
tion or alteration. The observed addition of 0.10 millimole per liter of
potassium to water by K-feldspar dissolution or alteration would require
accompanying addition of at least 0.20 millimole per liter (12 milligrams
per liter as Si0p) of silica (table 6). No additional increase of this
magnitude in the degree of silica added to water occurred at approximately
211 hours for flow path 2 (fig. 4). The lack of additional increases of
silica does not support the onset of K-feldspar dissolution or alteration.

Apparant dissolution of calcite in the subsurface was observed only
after approximately 200 hours (table 3). Tables 7-9 show that 0.05-0.10
millimole per liter of calcite was dissolved in modeled reactions. Three
scenarios are proposed for the onset of calcite dissolution: (1) Mixing of
recharge water (at or near calcite saturation) with pre-existing ground
water (also at or near calcite saturation) to produce a ground water under-
saturated with respect to calcite (Drever, 1982, p. 48-49), (2) addition of
CO02 and H* to the recharge water by microbial respiration such that under-
saturation with respect to calcite was achieved, or (3) attack of calcite by
organic acids produced within the microbially active organic mat. No evi-
dence of mixing, based on changes in chloride and sulfate concentrations
between the recharge basin and the termination of the flow paths, was
observed until after the apparent onset of calcite dissolution. This obser-
vation does not support scenario 1.
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Calculations using WATEQF (Plummer and others, 1976) indicated that
ground water from the termination of both flow paths was oversaturated
with respect to calcite and dolomite and undersaturated with respect to
amorphous silica at selected times from 90 to 600 hours (table 5).

Calcite containing greater than roughly 6 mole-percent MgCO3 is more
soluble than pure calcite (Stumm and Morgan, 1981, p. 294). The magnesium
content of calcites in the sediments beneath the recharge basin was esti-
mated by the position of their (104) copper K-alpha X-ray diffraction peaks
using the technique presented by St. Arnaud and Herbillon (1973). None of
the calcites contained more than approximately 4 mole-percent MgC03. Thus,
the magnesium content of calcites in the Oakes aquifer sediments cannot be
used to explain any apparent oversaturation with respect to calcite.

Oversaturated solutions of CaCO3 can be stabilized by the presence of
naturally occurring water-soluble organic ligands (Inskeep and Bloom, 1986).
The decomposing organic mat was a potentially rich source of such ligands as
well as a source of H* and CO2 to recharging water. If outgassing of CO2
from the recharge water occurred at any time between subsurface carbonate
dissolution and sample collection, the resulting oversaturated solutions
could have been stabilized by organic ligands. Comparisons of pH measured
on ground-water samples from the termination of both flow paths at selected
times and pH required for equilibrium with calcite as calculated using
WATEQF are given in table 10. Assuming that the increase in measured pH
over calcite-equilibrium pH can be attributed to outgassing of CO2, the per-
cent of total CO2 lost to outgassing can be calculated. A loss of approxi-
mately 3 percent of total CO2 (table 10) from ground-water samples taken up
to approximately 200 hours would account for the change in pH and, in turn,
account for the apparent oversaturation with respect to calcite. Because
ground-water samples were collected using a peristaltic pump, this amount of
CO2 loss is possible. The calculated difference in pH's for flow path 1 at
405 hours requires a greater percentage loss of COp. Interpretation of data
presented in table 10 for flow path 1 at 600 hours and flow path 2 at 405
and 600 hours is complicated by apparent mixing effects.

Microbial metabolism of complex organic compounds is a source of vola-
tile fatty acids, including acetic acid (Thurman, 1985, p. 116). Acetic
acid has a proton donor capacity six times that of carbonic acid and calcium
acetate has a solubility three orders of magnitude greater than that of
calcium carbonate. Both the proton donor capacity and the solubility of the
corresponding salt are important factors in determining the corrosiveness of
an acid to a given mineral (Meshri, 1986). WATEQF does not consider the
effects of organic acids in mineral stability calculations. Thus, if orga-
nic acids increased the solubility of carbonate minerals in Oakes aquifer
sediments, calculations using WATEQF would indicate oversaturation.

Alkalinity was determined on water samples by titration to an end-point
of pH 4.5. Titration to this end-point gives an acceptably accurate deter-
mination of carbonate alkalinity (Brown and others, 1970, p. 42). To
accurately determine alkalinity attributable to organic acid anions, a
titration end-point of approximately pH 3.5 is required (Willey and others,
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Table 10.--Measured pH of ground-water samples, pH required for calcite

equilibrium, and percent CO2 loss to outgassing corresponding to

the difference in the two for approximate times during the summer

1987 organic-mat test

Time Measured pH Calcite-equilibrium pH Percent CO2 lost

Flow path 1

90 hours 7.79 7.50 3.3

211 hours 7.66 7.43 3.1

405 hours 7.75 7.35 5.5

600 hours 7.64 7.38 3.9
Flow path 2

90 hours 7.77 7.49 3.3

211 hours 7.64 7.44 2.8

405 hours 7.71 7.35 5.3

600 hours 7.71 7.14 9.8

1975). Alkalinities were not determined in the field. Collected ground-
water samples were shipped to the U.S. Geological Survey National
Water-Quality Laboratory for analysis. Volatile fatty acids are consumed in
oxidative bacterial degradation of dissoived organic carbon (Thurman, 1985,
p. 124). 1In addition, Okubo and Matsumoto (1979) observed rapid breakdown
of volatile fatty acids produced during their simulated artificial-recharge
experiments. If complete bacterial degradation of organic acid anions took
place prior to alkalinity determination, titration to end-point 4.5 would
produce a correct resuilt.

Significant increases in anions exceed significant increases in cations
in all modeled data sets (fig. 6). A1l excess anions shown in figure 6 were
in the form of alkalinity. The lack of an alkalinity deficit in modeled
data sets strongly suggests the decomposition of any organic acid anions

present in ground-water samples prior to alkalinity determination.

At approximately 405 hours for flow path 1, addition of calcium and
magnesium to recharging water suggested the dissolution of magnesium-bearing
calcite or dolomite (table 3). If all the sodium lost along flow path 1 is
attributed to cation exchange for magnesium, there still was magnesium added
to the recharging water that was unaccounted for. Even if dissolution of a
calcite containing 4 mole-percent MgCO3 proceeded incongruently, it is
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unlikely that roughly equimolar amounts of calcium and magnesium would be
released into solution. This leaves dolomite dissolution as a reasonable
mechanism for introduction of magnesium into recharging water along flow
path 1 near 405 hours. A dolomite-rich interval was located immediately
beneath the basin floor (table 1). Any organic acids produced within the
organic mat would have to migrate only a short distance before interacting
with dolomite.

Okubo and Matsumoto (1979) observed the onset of volatile fatty acid
production after approximately 5 days (120 hours) and a rapid increase in
volatile fatty acid production after approximately 20 days (480 hours) of
their artificial-recharge experiment. The pattern of acetic acid production
observed by Okubo and Matsumoto (1979) coincides with the pattern of signi-
ficant calcite dissolution at some time prior to 200 hours followed by dolo-
mite dissolution at some time prior to 405 hours observed in the summer 1987
organic-mat test. Dolomite dissolution into COp-charged water proceeds very
slowly under near-surface conditions (Drever, 1982, p. 53; Stumm and Morgan,
1981, p. 274) and may, therefore, result in dolomite persisting as a
metastable phase. Apparent dissolution of dolomite at some time before 405
hours, in itself, strongly suggests the action of corrosive agents such as
organic acids.

Because no analyses for the presence of organic acids were made on
ground-water samples, there is no direct evidence for their existence during
basin operation. However, there is sufficient indirect evidence of their
effect on dolomite stability to warrant their proposal as a theory to
partly account for carbonate mineral dissolution.

SUMMARY

Changes between recharge-basin water and ground water from the ter-
mination of the flow paths during the spring 1987 recharge test in the Oakes
aquifer included increases in alkalinity, calcium, sodium, and silica and
decreases in pH and dissolved oxygen. Interpretation of processes modifying
the chemical composition of recharge water was complicated by mixing of
recharge water with pre-existing ground water within the Oakes aquifer.

Concentrations of barium, cadmium, copper, iron, lead, and zinc in
ground water were monitored during the spring 1987 recharge test.
Concentrations of these metals in any ground-water sample did not exceed
maximum contaminant levels established for potable water by the
Environmental Protection Agency (1986).

For the summer 1987 recharge test, the floor of the recharge basin was
lined with a decomposing organic mat. Larger infiltration rates through the
recharge basin with the organic mat in place allowed recharge water to reach
the termination of the flow paths without apparent mixing with pre-existing
ground water for a period of as much as approximately 405 hours of recharge-
basin operation. Changes in the chemical composition between recharge-basin
water and water from the termination of the flow paths during the summer
1987 organic-mat test included increases in alkalinity, calcium, and silica
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and decreases in pH, dissolved oxygen, and total organic carbon. A signifi-
cant increase in magnesium was observed for flow path 1 at approximately 405
hours. The slow rate of chemical change between water in the recharge basin
and ground water from the termination of both flow paths starting at about
90 hours approximated steady-state conditions. Chemical changes of at least
2 milligrams per liter were modeled in terms of reactions, including those
due to respiration of micro-organisms, dissolution of carbon dioxide,
possible production of organic acids, dissolution of amorphous silica,
cation exchange, and dissolution of carbonate minerals.

The observed decrease in total organic carbon concentrations between
water in the recharge basin and ground-water samples from the termination of
the flow paths required that the subsurface be open to oxygen from the
atmosphere or the surrounding sediments or that some unquantified process,
such as sorption of organic carbon onto sediments or organic matter, remove
organic carbon from ground water.

Calculations using WATEQF indicated oversaturation of ground water with
respect to calcite and dolomite from approximately 90 hours through the
duration of ground-water sampling. Chemical changes observed in recharge
water as it moved through the Oakes aquifer sediments reflected
dissolution of calcite at some time before 200 hours. Oversaturation of
ground water with respect to carbonate minerals could be explained by loss
of CO2 from ground-water samples to outgassing, either before or during
sampling. Calculations show that a loss of about 3 percent of the CO;
required for equilibrium with calcite would produce the calculated over-
saturation. The presence of organic ligands, likely available in abundance
from the decomposing organic mat, would act to stabilize the calcite-
oversaturated ground water.

Alternatively, onset of calcite dissolution at some time before 200
hours may indicate the attack of calcite by organic acids generated by the
decomposing organic mat. The pattern of calcite dissolution starting at
some time before 200 hours followed by dolomite dissolution starting at some
time before 405 hours coincides with the onset of volatile fatty acid pro-
duction near 120 hours and a rapid increase in volatile fatty acid produc-
tion near 480 hours observed in laboratory simulation of artificial recharge
through an organic substrate. Apparent dissolution of dolomite at some time
before 405 hours in the summer 1987 organic-mat test, in itself, strongly
suggests the action of corrosive agents such as organic acids.
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